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DIELECTRIC  PROPERTIES  OF  ACETONE  -  BEN  ZENE  SOLUTIONS 

IN  A  SUPER-HIGH  FREQUENCY  FIELD  AND  CONCENTRATION  FLUCTUATIONS 

Ya.  Yu.  Akhadov.  M.  I.  Shakhparonov ,  R.  M.  Kasimov. 

and  N.  B.  Kornilova 
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Translated  from  Zhurnal  Strukturnol  Khimil.  Vol.  2.  No.  2,  pp.  131-139. 

March-April.  1961 

Original  article  submitted  April  IS.  1960 

The  paper  contains  the  results  of  studies  of  the  dielectric  constant  e  *  and  conductance  e”  of  acetone 
solutions  in  benzene  over  a  wide  range  of  concentrations  and  teniperatures  at  X  =  3.21  cm.  Negative  deviations 
of  e’  and  c"  from  additivity  were  found.  The  viewpoints  atuibuting  these  deviations  from  additivity  to 
formation  of  associated  groups  of  polar  molecules  and  to  the  influence  ot  concentration  fluctuations  on  e '  and 
c”  are  compared.  It  is  shown  that  the  hypothesis  of  associated  complexes  cannot  account  for  all  the  experimental 
facts.  The  observed  results  are  satisfactorily  explained  if  the  influence  of  concentration  fluctuations  on  e*  and  e* 

is  taken  into  account.  » 

*  *  ♦ 

By  the  Onsager  theory,  the  dielectric  constant  of  a  solution  of  a  polar  liquid  in  a  nonpolar  solvent  should 
be  an  additive  function  of  the  dielectric  constants  of  die  components  if  the  concentrations  are  expressed  in 
volume  fractions.  In  practice  there  are  positive  or  negative  deviations  from  additivity  in  most  cases.  Different 
explanations  are  offered  in  the  literature  for  the  observed  variations  of  dielectric  constant  e*  conductance  c”. 
and  related  values.  Huckel  [1].  Drutman  [2].  and  others  introduce  the  concept  of  associated  complexes  formed  ar 
the  result  of  chemical  interaction  between  the  molecules.  It  is  assumed  that  these  complexes  alter  the  polari¬ 
zation  state  of  the  dielectric.  A  different  approach  is  used  in  [3.  4].  where  it  is  noted  that,  in  addition  to  the 
above  factors,  concentration  fluctuations  may  have  a  considerable  influence  on  €'  and  e  "  fri  solutions  exhibiting 
large  positive  deviations  from  ideality. 

Fluctuations  of  dielectric  constant  Ac  in  solutions  may  be  due  to  fluctuations  of  concentration  A^.  of 
density  Ap.  of  temperature  AT.  and  of  orientation: 

=  +  Ae.t  (1) 

If  there  b  no  orientational  order  of  the  molecules,  this  means  that  orientation  fluctuations  make  no  contri¬ 
bution  to  the  thermodynamic  functions.  In  this  case  the  contribution  of  Ae^^  vanishes  in  calculations  of  the 
mean  statistical  values  of  (Ac  f.  Therefore  the  root  mean  square  of  the  dielectric  constant  fluctuations  b  repre¬ 
sented  by  the  formula 


{S)>  =  i&Ty  +  (pj  m--  -  (s?)» . 


Temperature  and  density  fluctuations  in  liquids  far  from  the  liquid— vapor  critical  region  are  small  and  theb 
influence  may  be  ignored.  Thus,  in  these  cases  only  the  influence  of  concentration  fluctuations  b  considered. 
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To  verify  and  compare  the  above  viewpoints,  we  studied  c*  and  c”  of  acetone  solutions  in  benzene  over  a 
wide  concentration  range  at  temperatures  from^lO  to  *  4(f  at  wave  length  X  =  3.21  cm.  Our  choice  of  the 
acetone- benzene  system  was  guided  by  the  following  considerations: 

1.  These  solutions  exhibit  considerable  positive  deviations  from  Raoult's  law;  therefore  are  large. 


^<P 


2.  The  components  of  these  solutions  differ  sharply  in  their  values 
of  €  ;  therefore  dc  /d<p  is  large  and  concentration  fluctuations  should 
cause  concspondlngly  large  fluctuations  of  dielectric  constant. 

3.  Acetone  conforms  well  to  the  Onsager  theory,  which  does  not 
take  account  of  short-range  order  in  the  distribution  of  the  molecules . 

On  the  basis  of  these  and  a  number  of  other  considerations  it  may 
be  regarded  as  probable  that  orientational  order  is  virtually  absent  in 
acetone.  It  may  be  assumed  that  in  solutions  of  acetone  in  chemically 
inert  nonpolar  substances  deviations  from  random  orientation  of  the 
dipolar  molecules  are  also  slight.  Hence  it  may  be  assumed  diat  orien¬ 
tation  fluctuations  have  no  influence  on  e*  and  e"  in  this  c^e. 

A  wave-guide  method  similar  to  that  described  by  Poley  [5]  was 
used  for  measurement  of  c*  and  c*.  The  precision  of  the  measurements 
was  about  1%, 

Our  experimental  results  are  presented  and  interpreted  in  accord¬ 
ance  with  each  of  die  viewpoints  discussed  above. 


Fig.  1.  Dependence  of  dielectric  In  Fig.  1  c*  and  <*  are  plotted  against  the  acetone  concentration 

constant  and  loss  of  acetone— benzene  in  benzene  at  20*.  Similar  results  were  obtained  at  other  temperatures, 
solutions  on  acetone  concentration.  The  experiments  show  considerable  negative  deviations  of  e*  and 

expressed  in  volume  fractions,  at  <"  from  additivity.  Valdes  of  <*  and  <•  for  all  the  concentrations  and 

20*  and  X  =  3.21  cm.  temperatures  studied  are  given  in  Table  1. 


TABLE  1 


Values  of  «*  and  <•  for  Acetone— Benzene  Solutions  at  Various  Temperatures 


t  .*0 

1 

Acetone  concentration,  mole  fractions 

0.8 

0.6 

0.4 

0.2 

0 

t' 

c' 

t' 

e* 

c' 

f' 

f* 

—10 

23,06 

5,90 

17,18 

4,13 

12,22 

2,89 

8,15 

1,74 

0 

22,46 

4,69 

16,56 

3,50 

11,68 

2,39 

7,91 

1.4 

4,96 

0,6 

10 

21,38 

3,99 

16,05 

3,02 

11,35 

1,99 

7,72 

1,17 

4,85 

0,49 

2,306 

— 

20 

20,92 

3,54 

15,48 

2,55 

11,10 

1.74 

7,44 

1,03 

4.69 

0,45 

2,29 

— 

30 

19,76 

2,94 

14,66 

2,23 

10,61 

1,51 

7,25 

0,85 

4,58 

0,35 

2,275 

— 

40 

18,81 

2,65 

14,05 

1,97 

10,34 

1,38 

7,06 

0,73 

4,41 

0,27 

2,26 

— 

By  die  hypothesis  of  associated  groups,  these  deviations  may  be  attributed  to  formation  of  associated 
complexes  of  acetone  molecules,  which  dissociate  with  decrease  of  the  acetone  concenaation. 

In  accordance  with  the  second  viewpoint,  the  negative  deviations  ot  c  are  caused  by  an  electrostatic 
effect  due  to  the  fact  that  local  heterogeneities  diminish  die  average  macroscopic  diele  ctric  constant  e  in 
comparison  with  mean  local  .  The  explanation  for  the  maximum  negative  deviations  from  additivity  near 
^  =  O.S  is  that  the  concentration  fluctuations  are  greatest  in  this  region  of  v*.  This  view  is  confirmed  Independently 
by  data  on  vapor  pressure  and  Rayleigh  scanering  intensiaes  of  acetone  solutions  m  nonpolar  solvents. 
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Fig.  2.  Variations  of  dielectric  losses  c*  with  the  dielectric  constant  e*  (Cole 
curves)  for  pure  acetone  at  various  temperatures. 


Fig.  3.  Cole  curves  for  solutions  of  acetone  in  benzene,  based  on  average 
macroscopic  values  of  e*  and  e"  at  0*. 


Fig.  4.  Cole  curves  for  solutions  of  acetone  in  benzene,  based  on  average 
macroscopic  values  of  e*  and  «■  at  20*. 
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Fig.  5.  Cole  curves  for  solutions  of  acetone  In  benzene,  based  on  average 
macroscopic  values  of  e*  and  c*  at  40*. 


Fig.  6.  Cole  curves  for  solutions  of  acetone  in  benzene,  based  on  average 
local  values  of 7^  and"?^  at  0*. 


Fig.  7.  Cole  curves  for  solutions  of  acetone  in  benzene,  based  on  average 
local  values  of  17  and  IT  at  20*. 


Figure  2  shows  Cole  curves  [6]  for  pure  acetone  at  temperatures  from  —  10  to  ♦  40*,  based  on  values  of  c*  and 
«  •  determined  by  us  and  partly  taken  from  [7],  at  \  =  8.15  mm.  At  40  and  30*  the  centers  of  curvature  of  the  Cole 
curves  lie  on  the  axis  of  abscissas,  from  which  we  may  conclude  that  at  these  temperatures  dipole  relaxation  in 
acetone  may  be  characterized  by  a  single  value  for  the  relaxation  time.  With  fall  of  temperature  the  centers  of 
ctuvature  of  the  Cole  curves  gradually  shift  to  below  the  axis  of  abscissas,  which  may  be  characterized  by  an 
increase  of  the  parameter  a  =  v/21^,  indicating  the  existence  of  a  certain  dbtrihution  of  the  relaxation  times. 
Therefore  a  distribution  of  relaxation  time  appears  on  decrease  of  temperature.  This  distribution  may  be  the 
consequence  of  a  certain  order  in  the  orientation  of  the  acetone  molecules  which  arises  with  decrease  of  temper¬ 
ature. 

Figures  3,  4,  and  S  show  Cole  curves  for  solutions  of  acetone  in  benzene  at  acetone  concentrations  of  1; 

0.8;  0.6;  0.4;  0.2  (in  mole  fractions)  and  at  0,  20,  and  40*  respectively,  based  on  average  macroscopic  values  of 
c*  and  e*.  These  curves  show  that  a  passes  through  a  maximum  for  solutions  containing  0.8  and  0.6  mole  fractions 
of  acetone.  In  accordance  with  the  first  viewpoint,  the  increase  of  a  may  be  attributed  to  formation  of  associated 
complexes  in  solution.  By  the  theory  of  formation  of  associated  groups,  average  macroscopic  values  of  e*  and  e” 
are  used  for  theoretical  calculations  associated  with  studies  of  solution  structure.  By  the  theory  advanced  in  [3,  4], 
it  is  necessary  to  use  the  local  values  of  the  dielectric  constants  and  losses,  designated  here  by  ej  and  e^* ',  for 
such  calculations.  In  the  Onsager  theory  it  is  assumed  that  there  are  no  fluctuations  of  dielectric  constant. 
Therefore  the  local  values  of  c]  and  for  pure  liquids  and  solutions  can  be  calculated  from  the  Onsager 
equation. 

Figures  6  and  7  show  Cole  curves  for  solutions  of  acetone  in  benzene  at  the  same  concentrations,  at  0  and 
20*  respectively,  based  on  average  local  values  of  c  */  and  calculated  from  the  Onsager  equation.  It  follows 
from  Figs.  6  and  7  that,  as  was  to  be  expected,  in  this  case  the  coefficient  a  remains  constant  at  all  concentrations. 
From  this  point  of  view  the  increase  of  a  in  Figs.  3,  4,  and  5  is  due  to  the  fact  that  heterogeneities  of  e*  and  e* 
caused  by  concentrations  fluctuations  are  not  taken  into  account. 

We  calculated  the  macroscopic  relaxation  times  r ,  with  the  parameter  a  taken  into  account,  from  the 
formula 


e«  —  gjo 

®  =  -30  "f"  1  -f  (/<!)  T)l  — « 


(3) 


where  c  =  c*  — jc".  The  local  values  of  the  macroscopic  relaxation  time  were  calculated  from  the  formula 


T 

I  _  I  ’ 

«|  tool 


(4) 


where  =  ip,  Sj  -j-  ©aSj,  =  <?i  Si  -f  s*  /=  ?i-3oi  ?a*3ot:i  cj  and  Cj*  are  the  dielectric  constants 

of  the  pure  components,  and  e/  dielectric  losses  of  the  pure  components,  and  (u  is  the  angular 

frequency. 

Figure  8  shows  our  data  for  the  dependence  of  r  and  on  the  concentration  of  acetone  in  benzene  at 
varior:  temperatures.  Each  isotherm  passes  through  a  maximum,  which  shifts  in  the  direction  of  low  acetone 
concenuations  with  decrease  of  temperature.  In  accordance  with  the  first  viewpoint,  the  increase  of  r  is  the 
coruequence  of  the  formation  of  associated  groups.  However,  it  is  still  not  clear  how  the  shift  of  maximum  t  is 
to  be  explained.  The  Cole  curves  indicate  that  at  low  temperatures  there  should  be  a  tendency  to  molecular 
association  in  pure  acetone,  which  could  displace  t  into  the  region  of  higher  acetone  concentrations. 

If  we  used  the  local  values  of  e^  and  e^,  then  according  to  Eq.  (4)  the  macroscopic  time  of  dipole 
relaxation  in  acetone— benzene  solutions  should  be  almost  constant  at  all  concentrations.  From  this  point  of  view 
the  maxima  in  Fig.  8  are  due  to  the  fact  that  the  influence  of  fluctuation  on  e  *  and  e”  of  the  solutions  was  not 
taken  into  account.  It  should  be  noted  that  this  conclusion  is  not  quite  accurate  for  low  temperatures  because  of 
a  certain  degree  of  order  in  the  orientation  of  pure  acetone  molecules. 
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TABLE  2 


Free  Energy  of  Activation,  Heat  of  Activation,  and  Entropy  of  Activation  of 
Dipole  Relaxation  for  Solutions  of  Acetone  in  Benzene  at  Various  Temperatures 


Acetone 
concenua- 
tion  in  mole 
fractions 

Thermo- 
;  dynamic 
values 

Temperature,  *0 

j  —10 

1 

1  ‘ 

10 

20 

30 

-40 

1 

A/* 

1,49 

1.47 

1,46 

1,49 

1,52 

1,55 

0,66 

0,64 

0,62 

0,60 

0,58 

0,56 

TtiS 

—0,83 

-0,83 

—0,84 

—0,89 

—0,94 

—0,99 

1,49 

1,47 

1,46 

1,49 

1,52 

1,55 

Mi. 

0,66 

0,64 

0,62 

0,60 

0,58 

0,56 

TM>. 

—0,83 

-0,83 

—0,84 

—0,89 

-0,94 

—0,99 

0.8 

A/ 

1,48 

1,50 

1,52 

1,53 

1,56 

1,58 

AH 

0,90 

0,88 

0,86 

0,84 

0,82 

0,80 

TAS 

—0,58 

—0,62 

—0,66 

—0,68 

—0,74 

—0,78 

AFi 

1,50 

1,48 

1,47 

1,50 

1,53 

1,56 

AHi 

0,64 

0,62 

0,60 

0,58 

0,56 

0,54 

TA&. 

—0,86 

—0,85 

-0,87 

—0,92 

—0,97 

—1,02 

0,6 

AF^ 

1,54 

1,53 

1,54 

1,55 

1.58 

1,60 

AH 

1,08 

1,06 

1,04 

1,02 

1.0 

0,98 

TAS 

—0,47 

—0,48 

—0,50 

-0,54 

—0,59 

—0,62 

AFi 

1,51 

1,49 

1,48 

1,52 

1,55 

1,58 

AH. 

0,63 

0,61 

0,59 

0,57 

0,55 

0,53 

TAA. 

-0,88 

—0,87 

—0,89 

—0,94 

-0,99 

—1.05 

0.4 

AE 

1,51 

1,55 

1,62 

1,56 

1,55 

1,55 

AH 

1,32 

1,30 

1,28 

1,26 

1.24 

1,22 

1  TAS 

—0,20 

I  -0.25 

-0,35 

—0,30 

-0,32 

-0,34 

AF^ 

1,53 

1,51 

1,51 

1,54 

1,58 

1,61 

AH. 

0,62 

0,60 

0,58 

0,56 

0,54 

0,52 

TAS. 

—0,92 

—0,92 

—0,93 

—0,99 

—1,04 

—1,09 

0,2 

AF 

— 

1,53 

1,50 

1,54 

1,51 

1,50 

AH 

— 

1,90 

1,88 

1,86 

1,84 

1,82 

TAS 

— 

0,37 

0,38 

0,32 

0,33 

0,33 

AFf 

— 

1,55 

1,55 

1,59 

1,63 

1,66 

AH^ 

— 

0,59 

0,57 

0,54 

0,53 

0,51 

TASi 

— 

—0,97 

—0,99 

—1,05 

—1,10 

—1,15 

The  Powles  equation  [8] 


,  _  2  gp  -f  *ap  _ 

^  ~  38o 


(5) 


was  used  for  calculating  the  values  of  the  characteristic  dipole  relaxation  time  t* .  These  values  were  calculated 
in  two  different  ways.  In  the  first  method  the  value  of  the  macroscopic  r  calculated  from  Eq.  (3)  for  the  solution 
was  substituted  into  Eq.  (5).  In  the  second  method  the  value  calculated  for  pure  acetone  at  the  same  temperature 
was  used  in  Eq.  (5).  The  characteristic  relaxation  time  calculated  by  the  second  method  is  indicated  by  . 

In  accordance  with  Fig.  9,  which  shows  t*  =f(<p)  and  t*  =  /(^),  isotherms,  the  characteristic  relaxation 
time  calculated  by  the  first  method  passes  through  a  maximum  with  increase  of  benzene  concentration  and 
decreases  sharply  at  low  acetone  concentrations  to  values  lower  than  in  pure  acetone.  At  temperatures  of  20*  and 
over,  when  there  is  virtually  no  orientational  order  in  pure  acetone,  this  decrease  is  difficult  to  explain,  especially 
as  the  viscosity  of  benzene  is  approximately  double  that  of  acetone.  It  also  follows  from  Fig.  9  that  the  character¬ 
istic  relaxation  time  calculated  from  die  local  values  c|  and  e  J  gradually  increases  with  decrease  of  acetone 
concentration.  This  effect  is  explained  by  changes  in  the  internal  Held  of  the  solution  with  decrease  of  dielectric 
constant,  so  that  r*  is  always  less  than  r  in  polar  liquids. 


By  die  theory  of  rate  processes  [9],  the  free  energy  of  activation  of  dipole  relaxation  AF  can  be  calculated 
from  the  following  formula: 
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(6) 


where  h  b  the  Planck  constant;  k  is  the  Boltzmann  constant:  R  is  the  gas  constant:  T  is  the  temperature  in  *K.  The 
relationship  between  AF,  heat  of  activation  of  dipole  relaxation  AH,  and  the  entropy  of  activation  of  dipole 
relaxation  AS  is  represented  by  the  expression: 

Af’=.  A//-rAA\  (7) 

We  used  Eqs.  (6)  and  (7)  to  calculate  AF,  AF^  ,  AH,  AH^  TAS,  TAS^  ,  where  AF^  ,  AH^ ,  TA^  were  found 
with  the  use  of  the  local  values  of  the  relaxation  times  .  The  results  are  given  in  Table  2. 


Fig.  8.  Variations  of  the  macroscopic 
relaxation  times  t  and  with  the 
composition  of  acetone— benzene 
solutions  at  various  temperatures. 


Fig.  9.  Variations  of  the  character¬ 
istic  dipole  relaxation  times  t*  and 
with  concentration  of  acetone 
in  benzene  at  various  temperatures. 


Fig.  10.  Variation  of  the  free  energy  of 
activation  of  dipole  relaxation  AF  and 
AFj  with  composition  of  acetone- 
benzene  solutions  at  30*. 


Fig.  11.  Variation  of  the  heat  of 
activation  of  dipoie  relaxation  AH 
and  AH^  %vith  acetone  concentra¬ 
tion  at  30*. 
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TABLE  3 


Ratio  of  the  Local  Value  of  the  Characteristic  Dipole 
Relaxation  Time  to  Viscosity,  t|T/4j 


Fig.  12.  Variations  of  T^ 

and  TASj  with  concenaation  Isotherms  for  AF  and  at  20*  are  given  in  Fig.  10,  and 

at  30*.  isotherms  for  AH  and  AH;  at  30*  are  given  in  Fig.  11.  It  follows 

from  Fig.  11  that  the  heat  of  activation  of  dipole  relaxation  AH^ , 
calculated  from  local  values  of  and  cj  ,  decreases  gradually  and  slightly  with  decrease  of  acetone  concentra¬ 
tion.  On  die  other  hand,  the  values  of  AH  calculated  from  the  average  macroscopic  values  of  e*  and  e*  rise 
sharply  with  decrease  of  acetone  concentration,  which  cannot  be  explained  in  the  light  of  the  hypothesis  of 
molecular  association  of  acetone.  If  associated  groups  of  acetone  molecules  were  formed  in  solution,the  energy 
of  dipole  relaxation  would  pass  through  a  maximum  and  then  fall  sharply  owing  to  dissociation  of  the  acetone 
complexes  on  further  dilution. 

In  accordance  with  Fig.  12,  which  gives  isotherms  for  TAS  and  TAS;  at  30*,  the  entropy  change  which 
results  from  the  disturbance  of  the  average  equilibrium  distribution  of  dipole  orientation  under  the  influence  of 
an  external  field,  TAS^  ,  is  negative  and  its  absolute  magnitude  increases  with  decrease  of  acetone  concentration. 
This  can  be  explained  if  it  is  assumed,  in  accordance  with  the  facts  presented  above,  that  pure  acetone  is  almost 
entirely  without  orientational  order  and  that  diere  is  no  tendency  to  formation  of  preferred  orientations  (or 
associated  groups)  in  acetone- benzene  solutions.  In  that  case  application  of  a  field  at  all  concentrations  increases 
orientation  and  diminishes  the  entropy  of  the  solution,  and  this  effect  must  increase  slightly  with  decrease  of 
acetone  concentration.  It  also  follows  from  Fig.  12  that  TAS,  calculated  from  average  macroscopic  values  of  e* 
and  c",  increases  with  decreasing  acetone  concentration;  this  cannot  be  explained  in  the  light  of  the  hypothesis 
of  molecular  association  of  acetone. 

Values  of  T;*t/i|  are  given  in  Table  3.  The  viscosity  data  are  taken  from  Bingham  and  Brown’s  paper  [10]. 
The  table  shows  that  this  ratio  is  almost  independent  of  temperature  at  a  given  concentration. 

SUMMARY 

1.  Values  of  e*  and  e”  for  acetone— benzene  solutions  were  determined  over  wide  ranges  of  temperature  and 
concentration  at  X  =  3.21  cm. 

2.  Average  macroscopic  and  average  local  values  of  the  dielectric  constant  and  los;.  are  presented  in  the 
form  of  Cole  curves. 

3.  The  macroscopic  relaxation  times  r ,  characteristic  dipole  relaxation  times  r*  and  ,  and  the  ratios 
of  relaxation  time  to  viscosity  were  calculated  for  various  temperatures. 

4.  The  free  energies  of  activation  AF,  AF;  ,  heats  the  activation  of  dipole  relaxation  AH,  AH;  ,  and  entro¬ 
pies  of  activation  of  dipole  relaxation  TAS,  TAB;  were  calculated. 

5.  Analysis  of  experimental  data  on  dielectric  constants  and  losses  in  acetone— benzene  solutions  in  super- 
high  frequency  Helds  shows  that  the  hypothesis  of  molecular  association  of  acetone  in  such  solutions  cannot  account 
for  all  the  experimental  facts.  Our  experimental  results  are  satisfactorily  explained  if  the  influence  of  concen¬ 
tration  fluctuations  on  C  and  e"  is  taken  into  consideration. 
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X-RAY  INVESTIGATION  OF  MOLECULAR  STRUCTURE  AND  PACKING 


IN  LIQUID  LINEAR  AND  CYCLIC  ORG  A  NOS  I L  ICON  COMPOUNDS 
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Original  article  submitted  January  30,  1960 


The  bond  lengths,  valence  angles,  and  the  molecular  dimensions  and  shapes  of  the  following  linear  and 
cyclic  organosilicon  compounds  were  determined  by  means  of  x-ray  diffraction: 

(CH,),SI,0.  (Cri,)i5Si,04.  (C,H»),Si,0.  (C,H,)„Si»04. 
f(CH,),SiOi4.  l(CH,)^iOU.  ((C,IIj):.SiOJ,.  [(CjH.JjSiOh. 

The  average  distances  between  the  centers  of  neighboring  molecules  were  touno  and  the  coordination 
number  was  estimated. 

*  *  * 

Considerable  experimental  difficulties  are  met  in  determinations  of  molecular  structure  in  liquids  by  the 
electron -diffraction  method.  Electron  diffraction  patterns  can  be  obtained  relatively  easily  only  from  molten 
nims  of  certain  metals  of  low  vapor  pressures  (Pb,  Al,  In,  Sn.  Bi  and  their  alloys).  It  is  almost  impossible  to 
obtain  electron  diffraction  patterns  of  ordinary  molecular  liquids.  Nevertheless  determinations  of  molecular 
structures  in  liquids  are  of  considerable  interest,  because  many  properties  of  liquids  are  associated  with  the 
structure  and  packing  of  molecules. 

In  the  course  of  systematic  investigations  of  various  physical  properties  of  liquid  organosilicon  compounds 
and  their  solutions,  conducted  in  the  Department  of  Molecular  Physics  ot  Kiev  University,  it  became  necessary 
to  study  the  structure  of  these  compounds  with  the  aid  of  monochromatic  x-rays.  As  far  as  we  know,  the  literature 
contains  no  data  on  the  structure  of  liquid  organosilicon  compounds.  In  this  paper  we  present  the  results  of  a 
study  of  the  configuration  and  geometrical  parameters  of  the  molecules  and  packing  characteristics  of  the  follow¬ 
ing  liquid  organosilicon  compounds: 

Linear  compounds 

(CH,),SI,0 
(CH*)iiSi»04 
(CtH»)*SijO 

The  x-ray  patterns  were  obtained  at  room  temperature  with  monochromatic  radiation  at  X  =  0.71  A. 
Cylindrical  cameras  with  cassettes  of  58.6  mm  radius  were  used.  To  avoid  x-ray  scattering  by  air  the  cameras 
were  evacuated  to  about  0.1  mm.  The  specimens  were  Pyrex  tubes  with  walls  about  0.03  mm  thick  and  1.5  mm 
in  internal  diameter,  filled  with  the  liquids  for  investigation  and  sealed  at  both  ends.  The  x-ray  scattering 
patterns  were  recorded  on  photographic  film.  The  x-ray  patterns  were  analyzed  by  means  of  the  MF-4  micro¬ 
photometer  and  after  correction  for  the  polarization  factor  and  incoherent  scattering  the  diffraction  pattern  was 
converted  into  a  curve  for  intensity  against  the  scattering  angle;  this  was  then  converted  into  electron  units. 

Figures  1-4  show  intensity  curves  corrected  for  polarization  and  incoherent  scattering.  The  intensity  curves 
have  four  or  five  distinct  interference  maxima,  the  positions  of  which  are  given  in  Table  1. 


Cyclic  compounds 

f(CH,>sSiOl4 

((CH,),SiO)» 

l(C,H,),SiO|4 
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Table  1  shows  that  from  the  side  of  large  scattering  angles  the  maxima  for  all  the  compounds  are  at  almost 
equal  values  of  sin  9/X.  This  suggests  that  these  maxima  are  caused  mainly  by  intramolecular  scattering  and 
that  the  same  structural  elements  are  involved  in  their  origin.  The  position  of  the  first  maximum  for  methyl 
compounds  corresponds  to  a  somewhat  larger  value  of  sin  0A.  than  for  the  corresponding  ethyl  compounds.  More¬ 
over,  the  position  of  the  first  maximum  shifts  in  the  direction  of  smaller  scattering  anglea  in  the  uansition  to 
higher  members  of  both  the  methyl  and  the  ethyl  series  ot  compounds. 


I 


Fig.  1.  Intensity  curves  of  linear  methyl 
compounds  at  t  =  20*C:  1)  (CHjXSl|0, 

2)  (CH,)i^l504. 


I 


'’Ig.  2.  Intensity  curves  of  linear  ethyl 
compounds  at  t  =  20*C:  1)  (C2H5]bSi20. 
2)  (C,H5)uS^04. 


TABLE  1 


Compound 

Positions  of  maxima 
(sin  OA)  ■ 

I 

II 

in 

IV 

V 

(Cns)jSiaO 

0,081 

0,36 

0,53 

(CHj)ijSi404 

0,072 

— 

0,36 

0,53 

— 

(CjHs)«SlaO 

0,073 

0,12 

0,37 

0,53 

— 

(C*fI»)iaSlsO 

0,060 

0,12 

0,36 

0,53 

— 

l(CH,).SiO|4 

0,068 

0,12 

0,27 

0,37 

0,53 

l(f:ila)aSiOU 

0,063 

0,12 

0,26 

0,37 

0,53 

|(C,Hj),SlO|a 

0,066 

0,12 

0,26 

0.37 

0,53 

((C,IU)aSlO|« 

0,063 

0,12 

0,27 

0,37 

0.53 

The  intensity  curves  of  the  methyl  compounds 
(linear  and  cyclic)  differ  appreciably  in  their  course 
hrom  the  curves  for  the  corresponding  ethyl  compounds. 
For  example,  the  intensity  curves  of  linear  ethyl 
compounds  have  sharp  maxima  in  the  region  sin  ©A, 

=  0.1 -0.2,  whereas  in  the  case  of  methyl  compounds  the 
curves  merely  deviate  slightly  from  a  steady  descent  in 
this  region. 

It  must  be  specially  emphasized  that  the  intensity 
curves  for  linear  compounds  differ  sharply  from  those 
for  cyclic  compounds. 

Thus,  despite  the  relatively  complex  structure  of 
the  substances  studied,  it  is  possible  to  establish  the 


presence  of  certain  structural  features  in  a  given  substance  from  the  scattering  pattern. 


For  quantitative  characterization  of  the  molecular  structures  of  the  compounds  studied,  we  calculated  the 
electron  density  radial  distribution  functions  from  the  equation* 


*The  interpretation  of  radial  distribution  curves  is  described  in  [2]. 
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Fig.  3.  Intensity  curves  of  cyclic  ethyl  compounds  Fig.  4.  Intensity  curves  of  cyclic  methyl  compounds 

at  t  =  20*C:  1)  KCxHjliSiO],,  2)  [(CjHsliSiO]*.  at  t  =  2CrC:  1)  [(CHj)iSiO]4.  2)  t(CH,)iSiOi. 


S  S  4jtr*  pn  (r)  = 

m  n 
tm^n) 


Si  A',n4Tr*Po(r)  4-^ 

m  n  * 

(m<^n) 


a) 


where  I^  y  is  the  experimental  intensity  of  coherent  scattering,  in  electron  units;  /e  =  ^  mean 

scattering  by  one  electron  of  the  molecule;  F^j^  is  the  structural  amplitude  of  scattering  of  the  m-th  atom;  Zj^ 
b  the  atomic  number  of  the  m-th  atom;  Kjj^  =  Fi^/fe  is  the  effective  number  of  electrons  of  the  m-th  atom;  £  b 
the  dbtance  in  A  from  the  given  atom;  b  the  average  election  density  of  the  substance,  expressed  as  the 
Dumber  of  electrons  per  A* ;  Hn(r)  b  the  radial  electron  density  function. 


The  integral  in  Eq.  (1)  was  calculated  by  the  trigonometrical  method  of  harmonic  analysb  [3]. 


Figures  5  and  6  represent  plots  of  the  electron  density  dbtribution  functions  for  the  linear  methyl  compounds 
(CK|\Si|0  and  (CH3)^%04  and  the  cyclic  ethyl  compounds  [(CjHgliSiO]^  and  [(CiH^l^SlOli.  Here  the  abscbsas 
represent  dbtances  from  the  given  atom,  and  the  ordinates  represent  £  S  Km  4rt  r*  p  n  (^)-  The  physical  mean- 

m  n 
(m^n) 

ing  of  thb  quantity  b  that  the  integral  determining  the  value  of  the  area  of  the  maximum  between  r|  and  if  of 
the  dbtribution  curves  b  numerically  equal  to  Z  £  {Km  -An)*  example,  if  the  first  maximum  on  the 

w  n 
(m  fcn) 
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distribution  curve  corresponds  to  the  distance  between  the  centers  of  atoms  A  and  B,  the  area  under  this  maximum 
is  2(Ky^Kg).  If  the  molecule  contains  several  equal  distances  then  the  area  of  the  maximum  corresponding  to 
them  is  2(K^Kg)n.  Interpretation  of  the  electron  density  distribution  curve  essentially  consists  of  comparison  of 
calculated  and  measured  areas. 

The  dbtributlon  curves  (Figs .  5  and  6)  have  a  number  of  maxima,  the  first  of  which  is  discrete.  This 
indicates  that  it  is  caused  by  a  range  of  the  shortest  interatomic  distances  in  the  molecule  and  that  distances 
corresponding  to  atoms  of  neighboring  molecules  cannot  enter  this  range  of  r^.  Analysis  of  the  curves  showed  that 
in  the  case  of  methyl  compound  the  fint  maximum  is  due  to  a  range  of  Si— O  and  Si~C'  bond  lengths.  These  • 
distances  were  found  to  be  1.66  and  1.85  A  respectively.  In  the  case  of  ethyl  compounds  the  distance  C-C  =  1.53  A 
also  enters  the  region  of  the  first  maximum.  It  may  be  noted  that  the  lengths  of  the  Si— O  and  Si-C  bonds  were 
less  than  the  sum  of  either  the  covalent  or  the  ionic  radii.  The  shortening  of  the  distances  may  be  amibuted  to 
the  presence  of  ionic  bonding  in  addition  to  homopolar.  As  was  pointed  out  by  Noll  [4],  homopolar  Si— O  and 
Si— C  bonds  are  strengthened  as  the  result  of  pronounced  polarization. 


Fig.  5.  Electron  density  radial  distribution  curves 
for  linear  methyl  compounds:  1)  <CH3)^Si20,  2) 


The  second  and  third  maxima  on  the  distribution 
curves  were  analyzed  in  order  to  establish  the  most 
probable  molecular  configurations.  Definite  molecular 
models  were  postulated  and  calculated  distribution  curves 
for  these  models  were  compared  with  the  experimenul 
curve.  It  was  found  that  the  molecules  of  linear  methyl 
and  ethyl  compounds  consist  of  ...Si— O— SL..  chains 
with  oxygen  valence  angle  of  1301*.  The  molecules  of 
cyclic  methyl  and  ethyl  compounds  are  rings  (plane  in  the 
case  of  the  trimer,  and  bent  in  the  case  of  the  tetramer  and 
pentamer).  The  ethyl  groups  lie  above  and  below  the  ring 
plane.  The  distance  between  opposite  atoms  in  the  ring 
is  about  3  A.  The  distance  between  opposite  extreme 
carbon  atoms  is  about  4-5  A  in  the  trimer  and  5.5 -6.5  A 
in  the  tetramer. 

The  bond  lengths  and  valence  angles  for  all  the 
molecules  studied  are  given  in  Table  2. 


In  order  to  confirm  that  the  bond  lengths,  valence 
(CH|)|2Si|04.  angles,  and  the  molecular  sizes  and  configurations  were 

determined  correctly,  we  calculated  the  intensity  curves 
for  the  compounds  (CHj^^SigO  and  C(C2Hs)2SiO^.  The  following  formula  was  used  for  the  calculation: 


2T7  sins/f 


$R 


(2) 


The  two  terms  of  the  right-hand  side  represent  die  intensities  of  intra-  and  intermolecular  scattering 
respectively;  R  is  the  average  distance  between  the  centers  of  neighboring  molecules,  andR  is  the  average 
number  of  nearest  neighbors.  To  calculate  the  intensity  curves  from  this  formula  we  must  first  determine  If 
and  postulate  a  definite  value  of  the  coordination  number  N  in  addition  to  the  molecular  structure. 

It  has  been  shown  [5,  6]  that  the  average  intermolecular  distance  can  be  calculated  from  the  formula 

R  =  7.73/s  —  C, 

where  s  =  4ir  sin  e/x,  and  C  is  a  correction  determined  experimentally.  We  take  the  value  of  sin  OA,  cor¬ 
responding  to  the  first  maximum  on  the  experimental  intensity  curve,  from  Table  1,  and  find  R  (Table  3). 

By  taking  the  values  found  for  R  and  assigning  the  values  1,  2,  3....  to  the  coordination  number  N  we  can 
calculate  the  intensity  curve  with  the  aid  of  Eq.  (2).  It  is  found  that  the  best  agreement  between  the  theoretical 
and  experimental  curves  if  obtained  at  N  6  for  linear  compounds,  and  at  N  «  10  for  cyclic  compounds. 
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Fig.  6.  Electron  density  radial  distribution  curves  for  cyclic  ethyl  compounds: 
1)  [(C»H5)iSiO}„  2)  [(C*H5)iSiO]4. 

TABLE  2 


Compound 

Bond  lengths, 

,  A _ 

1  Si-C 

1  Valence  angles. 

c-c») 

1  Si-0 

jsiosi 

OSIO 

SiCC 

1  csir 

(CH,),Si,0 

1,66 

1,85 

130 

109 

(CHjliiSijO* 

— 

1,66 

1,85 

130 

115 

— 

109 

(CtHiJjSijO 

1,53 

1,65 

1,86 

130 

115 

— 

lot* 

(CiH  jhtSisOj 

1,53 

1,65 

1,86 

130 

115 

— 

109 

(CH,hSi0l4 

1,53 

1,66 

1,85 

140 

120 

— 

110 

(CHahSiOU 

1,53 

1,66 

1,85 

145 

115 

— 

110 

(C,H,hSiOl3 

1,53 

1,65 

1,86 

125 

115 

114 

no 

(C,H»),SiO)* 

1 ,53 

1,65 

1,86 

140 

120 

114 

no 

"Assumed. 


TABLE  3 


Compound 

A.  A 

Compound 

R.  A 

(CH,).Si,0 

7.2 

(CjHjijSijO 

8.2 

(CHj)itSit04 

8,3 

(CtHjhjSijOi 

9,6 

l(CH,),SiOj* 

8.7 

9.1 

i(CH,),SiOi» 

9.4 

l(CsH»),SiOl4 

9.4 

It  is  seen  in  Figs.  7  and  8  that  the  experimental  and 
calculated  curves  coincide  almost  entirely  both  in  shape 
and  in  positions  of  the  maxima. 

Thus,  it  proved  possible  to  determine  the  molecular 
structures  of  the  compounds  in  question  by  means  of  x-ray 
diffraction  and  to  draw  definite  conclusions  about  the 
relative  positions  of  the  molecules  in  the  liquids.  The 
results  are  in  agreement  with  dau  obtained  by  infrared 
spectroscopy  and  proton  resonance,  measurements  of 
viscosity  and  ultrasonic  velocities,  etc. 
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Fig.  7,  Intensity  curves  for  (CH3]^SijO: 
continuous  line  —  experimental ;  dash 
line  —  theoretical  [from  (2)]. 


Fig.  8.  Intensity  curves  for  [(CjHs^SKDJj: 
continuous  line  —  experimental ;  dash  line 
theoretical  [from  (2)]. 


The  results  of  the  investigation  show  that  the  x-ray  diffraction  method  is  also  effective  for  studies  of 
liquids  with  complex  molecules. 

The  authors  thank  A.  Z.  Golik  for  suggesting  the  problem  and  for  constant  interest  in  the  work. 
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The  frequencies  and  intensities  of  the  lines  in  Raman  spectra  of  dicyclopropylmethanc  and  certain  ketones 
of  the  cyclopropane  series  were  measured.  The  =  O  ketones  studied  is  appreciably  more  intense 

than  that  of  aliphatic  ketones  owing  to  conjugation  of  the  three-membered  ring  with  the  carbonyl  group.  The 
line  intensities  of  the  cyclopropane  ring  in  the  spectrum  of  dicyclopropylmethanc  are  additive.  This  indicates 
absence  of  any  appreciable  interaction  between  vibrations  of  three-membered  rings  separated  by  a  CH2  group. 

*  ♦  ♦ 

It  was  recently  shown  [1]  that  conjugation  of  a  cyclopropane  ring  with  a  double  bond  (ordinary  and 
aromatic)  can  be  reliably  demonstrated  by  intensity  measured  in  Raman  spectra.  It  was  also  shown  for  the  cis 
isomers  of  1,2-diphenylcyclopropane  and  1 -phenyl -2-cyclopropylcyclopropanc  that  the  steric  hindrances  which 
remove  the  three-membered  ring  and  the  double  bond  from  the  mutual  orientation  most  favorable  for  conjugation, 
as  in  the  case  of  ordinary  conjugated  systems,  weakens  the  corresponding  effect  in  the  spectra  [2,  3].  It  was 
thereby  possible  to  assign  the  configurations  of  the  stereoisomers  of  these  hydrocarbons  directly  to  the  cis  and  trans 
forms. 


It  was  of  interest  to  extend  the  range  of  compounds  studied  and  to  determine  whether  conjugation  occur 
in  other  cases,  such  as  ketones  of  the  cyclopropane  series,  and  to  investigate  its  characteristics.  Conjugation  in 
compounds  of  this  series  has  been  studied  previously,  but  mainly  with  the  aid  of  ultraviolet  absorption  spectra 
[4,  5].  It  was  found  that  when  the  three-membered  ring  and  the  carbonyl  group  are  adjacent  there  is  a  weak  but 
distinct  hypsochromic  effect  instead  of  the  expected  bathochromic  effect  in  the  long-wave  absorption  band 
(Table  1).  This  result  appeared  to  indicate  absence  of  conjugation.  However,  this  conclusion  b  premature,  since 
a  bathochromic  shift  and  intensity  increase  as  the  result  of  conjugation  should  be  observed  mainly  for  the  intense 
bands  of  the  N— V  transitions,  whereas  the  long -wave  band  in  the  ketone  spectra,  the  behavior  of  which  was  used 
as  an  indication  of  conjugation  in  most  cases,  is  due  to  a  transition  of  the  N— Q  type  [6,  7],  with  little  influence 
on  conjugation.  The  band  for  theN— V  transition  in  carbonyl  compounds  b  in  the  —2000  A  region  and  b  shifted 
into  the  long-wave  region  in  the  spectra  of  a, 6 -unsaturated  ketones.  Earlier  attempts  to  investigate  the  behavior 
of  thb  band  in  the  spectra  of  ketones  of  the  cyclopropane  series  did  not  give  conclusive  results.  In  Kosower's 
most  detailed  investigation  [8]  absorption  in  the  1850-1900  A  region  in  the  spectra  of  methyl  cyclopropyl  ketone 
and  dicyclopropyl  ketone  b  attributed  to  the  N— V  transition,  whereas  other  worken  [4,  5,  9]  attribute  absorption 
at  about  2000  A  to  it.  A  possible  explanation  of  thb  dbcrepancy  b  that  the  instruments  used  in  most  cases  could 
not  give  sufficiently  reliable  results  in  thb  region;  moreover,  the  three-membered  ring  should  a  bo  absorb  in  the 
same  spectral  region,  and  thb  complicates  the  spectrum  considerably  and  makes  interpretation  difficult. 

In  thb  case  conjugation  can  abo  be  revealed  more  conveniently  and  effectively  by  intensity  measurements 
in  Raman  spectra.  The  present  paper  deals  with  studies  of  Raman  spectra  of  methyl  cyclopropyl  ketone,  dicyclo¬ 
propyl  ketone,  and  dicyclopropylmethane,  and  with  comparbon  of  these  spectra  with  the  spectra  of  alkyl  cyclo¬ 
propanes  and  aliphatic  ketones.  The  methods  used  for  obtaining  and  measuring  the  spectra  were  described 


previously  [10].  The  molar  Integral  Intensities  of  certain  lines  were  determined  by  direct  Integration  along  the 
contour  with  the  aid  of  mlcrophotomctrlc  measurements  at  Intervals  of  1-1.2  cm“‘.  Deviations  In  the  measure¬ 
ments  of  Iqo  were  *  10^. 


TABLE  1 

Absorption  Bands  of  Certain  Ketones  In  the  Ultraviolet  Region 


Substance 


Solvent 


ethyl  alcohol 


isooctane 


Acetone 
Methyl  ethyl  ketone 
Methyl  Isopropyl  ketone' 


1930 


Dlisopropyl  ketone 
Methyl  cyclopropyl 

Isopropyl  cyclopropyl 
Dlc]^cfopropyl  ketone 


;<2(XX) 

<2080 

^2080 

<2t»^| 


loge 

4na?frAj 

¥ 

log  € 

1 

log* 

2700 

1,20(41 

1876 

3,27(81 

2790 

1,16(41 

2730 

1,26(41 

27»- 

1  23(41 

2,6(91 

2800 

1,33(91 

>3,0«151 

2850 

1,45*151 

>2,62(91 

2730 

1,37(91 

1878 

3,75(81 

2772 

1.23(81 

>3,0*(51 

2760 

1,54*(51 

>3,1*15|| 

2660 

1,55*151 

1878 

4,03(81 

2755 

l.i2(81 

•  Solvent  not  given. 


Methyl  Cyclopropyl  Ketone 

This  ketone  was  prepared  by  the  action  of  alkali  on  acetopropyl  alcohol  dibromlde.  It  had  the  following 
constants  after  distillation  through  a  column  of  30  theoretical  plates: 

B.p.  111.8-112.1*/760  mm;  i^D  1.4248;  d*®4  0.8993. 

AW  (cm"‘):  254  (  33,  w*),  394(26),  472  (13)/190(8),  556(2),  588(58),  621(2),  665(1),  722(9),  744(80,  w), 
820(60),  856(16,  w),  898(63),  914(24),  944(4),  968(20),  1030(30),  1073(2,  w),  1092(11,  w),  1126(0),  1152(4), 
1175(45, w),  1198(125),  1243(11),  1286(4),  1321(4),  1350(10),  1384(25),  1423(29),  1445(46. w),  1694(47, W), 
2919(120, w),  3012(210,  w),  3050(70),  3086(70),  3101(65). 


Plcyclopropyl  Ketone 

This  ketone  was  synthesized  from  y  -butyrolactono  through  the  intermediate  stages  of  dibutyrolactone  and 
1,7-dlchloroheptanone  [5].  It  was  distilled  through  a  column  of  30  theoretical  plates. 

B.p.  162.5-l63.0’/760  mm;  i^D  1.4673;  (^4  0.9707. 

AW:  202(9, w),  241(11, w),  282(8, w).  366(19,  w),  422(2),  467(15),  494(0),  507(0),  533(9,8),  627(3),  727(12), 
754(60), 784(2),  791(4),  815(130,  w).  844(35,  b),  851(38, b),  878(22,b),  921(200, w),  983(4),  1012(4.dt),  1033 
(65, w),  1060(5),  1091(4),  1111(19),  1167(0,  T),  1185(55),  1202(240),  1217(2),  1243(13),  1349(65),  1402(3, dT), 
1419(28),  1442(95,  w),  1460(3, b),  1507  (l,w),  1674(30),  1684(47),  2822(4),  2881(10),  3011(300,  w),  3053(100), 
3085(130),  3098(120). 


Dlcyclopropylmethane 

This  compound  was  prepared  by  decomposition  of  dicyclopropyl  ketone  hydrazone  In  dlethylene  glycol.  It 
was  distilled  through  a  column  of  30  theoretical  plates. 

B.p.  102.or/760  mm;  r^D  1.4250;  0.7868. 

AW;  257(01  298(28),  313(1, w).  346(11, w),  405(0),  449(25, w),  521(3),  617(0,  TJ,  738(3),  759(35),  775 
(24,b),  787(25, b),  804(30,b,d7),  833(37,b),  878(22),  893(0),  928(75),  937(70),  989(13),  1002(15),  1017(9), 


*  Symbols:  w  =  wide  ,  s  =  sharp,  b  =  background,  d  =  double.  Intensities  are  given  in  parentheses. 


139 


1172(13),  1196(120),  1205(110),  1258(5),  1330(0),  1368(19, s),  1390(3),  1429(36, s),  1442(30,  s),  1462(25,8), 
1491(0,  7),  1670(0),  2845(50),  2896(80,b),  2906(105, b),  3006(350, w),  3067(120),  3080(115). 

The  aliphatic  ketones  were  the  commercial  substances  purified  by  distillation.  The  results  of  spectral 
measurements  show  that  the  values  of  Me  =  O  *nd  the  corresponding  values  of  Iqj  depend  little  on  the  nature  of 
the  and  radicals  in  RiR^CO  and  vary  within  relatively  narrow  limits  (Table  2).  This  is  in  agreement  with  the 
results  of  Michel  and  Duyekaerts  [11]. 

As  we  pass  to  methyl  cyclopropyl  ketone  and  dicyclopropyl  ketone  •'c  =  O  <*ecreases  and  lo^fC  =0) 
increases  appreciably  (Table  2).  These  effects  are  apparently  not  completely  Interconnected.  In  fact,  =  O 
decreases  as  we  pass  from  methyl  cyclopropyl  ketone  to  dicyclopropyl  ketone,  although  the  value  of  Iqq(C  =  O) 
remains  almost  unchanged. 

TABLE  2  TABLE  3 


Frequencies  and  Molar  Integral  Intensities 
of  the  Line  for  the  Valence  Vibration  of 
the  C  =  O  Bond  in  Raman  Spectra  of 
Ketones 


Frequencies  and  Molar  Integral  Intensities 
of  Certain  Characteristic  Lines  of  the 
Cyclopropane  Ring 


Subsunce 

m 

^00 

Acetone 

1710 

135 

Methyl  ethyl  ketone 

1713 

140 

Methyl  propyl  ketone 

1715 

155 

Diisopropyl  ketone 

1713 

145 

Di-n-propyl  ketone 

1712 

140 

Metfi^^^cyclopropyl 

1692 

310 

Dicyclopropyl  ketone 

16741 

16WJ 

315 

Substance 


t 

B 

u 

a* 

< 

1 

/co 

918 

220 

1198 

370 

899 

200 

1198 

320 

927  \ 

320 

1196\ 

700 

93^/ 

12061 

921 

IsTO 

1202 

640 

Ethylcyclopropane  ] 

Methyl  cyclopropyl  ketone 
Dicycloprupylmethane 

Dicyclopropyl  ketone 


In  the  usual  conjugation  of  a  double  bond  with  a 
carbonyl  group  the  intensity  of  the  line  of  the  C  =  O 
valence  vibration  in  Raman  spectra  increases  six to  ten¬ 
fold,  with  rare  exceptions  [11].  In  our  case  the  intensification  of  the  C  =  O  line  was  not  great  (only  twofold),  but 
it  nevertheless  indicates  conjugation  of  the  three -me mbered  ring  with  the  C  =  0  group.  Absence  of  further 
intensification  of  the  line  and  the  behavior  of  the  ~2000  A  absorption  band  in  the  transition  from  methyl  cyclo¬ 
propyl  ketone  to  dicyclopropyl  ketone  might  be  regarded  as  an  indication  that  the  second  cyclopropyl  group  is 
not  involved  in  the  conjugation.  *  However,  such  a  conclusion  must  be  considered  tentative  and  requires  further 
and  more  reliable  confirmation.  The  point  is  that,  in  contrast  to  the  previously  studied  cis  isomers  of  1,2-diphenyl- 
cyclopropane  and  1 -phenyl -2-cyclopropylcyclopropane,  the  steric  hindrances  in  dicyclopropyl  ketone  caused  by 
repulsion  of  hydrogen  atoms  in  the  two  cyclopropane  rings  are  fairly  small  and  should  not  appreciably  prevent  the 
molecules  assuming  a  conformation  such  diat  the  conjugation  effect  is  at  a  maximum. 


It  is  interesting  to  note  in  this  connection  that  the  integral  intensity  of  the  ~900  cm"*  line,  which  is 
generally  attributed  to  valence-deformational  vibrations  of  the  three -membered  ring,  is  appreciably  greater  in 
the  specaum  of  dicyclopropyl  ketone.  At  the  same  time  the  intensities  of  the  other  characteristic  lines  of  the 
cyclopropane  ring  do  not  exhibit  deviations  from  the  additive  values  for  the  total  intensities  for  the  two  rings. 
Additivity  is  also  satisfactory  for  the  lines  of  the  cyclopropane  ring  in  the  specQum  of  dicyclopropylmethane 
(Table  3).  The  nature  of  the  ~900  cm"*  line  (very  wide  and  diffuse)  in  the  spectrum  of  dicyclopropyl  ketone 
indicates  that  its  intensification  may  also  be  caused  by  conjugation. 


Thus,  there  is  a  ceruin  contradiction  of  behavior  between  the  lines  of  the  carbonyl  group  and  the  ~900  cm"* 
line  in  the  transition  from  methyl  cyclopropyl  ketone  to  dicyclopropyl  ketone,  which  cannot  be  explained  at  present. 
Therefore,  in  the  light  of  the  foregoing  considerations,  the  question  of  the  participation  of  the  second  cyclopropane 
ling  in  conjugation  with  the  carbonyl  group  cannot  be  regarded  as  solved. 


*Of  course,  the  possibility  is  not  excluded  that  both  cyclopropyl  groups  are  conjugated  with  the  C  =  O  group,  but 
each  to  a  lesser  extent  than  in  methyl  cyclopropyl  ketone. 
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The  Intensity  of  the  line  of  pulsatlonal  vibration  of  the  cyclopropane  ring  in  conjugation  with  the  keto 
group  is  not  increased  to  any  appreciable  extent  in  comparison  with  the  spectrum  of  ethylcyclopropanc.  In  this 
respect  the  conjugation  of  a  three -membered  ring  with  a  keto  group  apparently  differs  from  conjugation  with  a 
double  bond,  when  this  line  is  intensified  appreciably  [Ij. 

It  may  be  noted  in  conclusion  that  in  every  case  studied  the  C  =0  line  has  an  asymmetric  contour,  and  in 
the  spectrum  of  dicyclopropyl  ketone  it  is  distinctly  split  Into  two  components.  1674  and  1684  cm"*.  The  causes 
of  splitting  has  been  repeatedly  discussed  in  the  literature,  but  the  problem  is  not  finally  solved. 
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Raman  spectra  of  1,3,5-trichIoro-  and  1,3,5-tribromobenzene  have  been  determined  at  low  frequencies; 
the  results  suggest  that  these  compounds  are  isomorphous.  The  principal  momenu  of  inertia  of  the  molecules 
were  calculated,  and  the  results  were  used  for  calculation  of  quasielastic  force  constants  for  rotational  oscillations 
of  molecules  in  the  crystals.  The  mean  values  of  these  constants  are  correlated  with  the  melting  points. 

♦  «  * 

INTRODUCTION 

Characteristic  lines  due  to  vibrations  of  the  molecules  in  the  lattice  have  been  observed  [1]  in  the  Raman 
spectra  of  crystals  of  many  organic  substances  in  the  low-frequency  region  near  the  Rayleigh  line.  Arsel'm  and 
Porfir'eva  [2]  showed  that,  at  a  definite  lattice  symmetry,  Raman  spectra  may  reveal  translational  vibrations, 
rotational  oscillations,  or  mixed  translational— orientational  vibrations  of  the  molecules.  Lines  in  low-hequency 
Rarnan  spectra  may  be  assigned  to  particular  lattice  vibrations  by  studies  of  line  polarization  at  different 
orientations  of  the  crystal  in  relation  to  the  direction  of  the  incident  light  and  the  observation  direction.  However, 
such  investigations  are  very  laborious  and,  owing  to  the  low  intensity  of  polarized  lines,  are  not  always  reliable. 
Comparison  of  the  corresponding  lines  in  low-frequency  Raman  spectra  of  isomorphous  crysuls  is  a  very  fruitful 
method  for  assigning  spectral  lines  to  vibrations  of  the  molecules  in  the  lattice  [3].  However,  thb  method  is 
applicable  only  to  isomorphous  crystals,  and  has  other  limitations  which  are  discussed  below.  Therefore  searches 
for  other  methods  of  interpreting  the  spectra  are  desirable. 

In  the  present  investigation  the  low-frequency  Raman  spectra  of  1,3,5-trichlorobenzene  and  1,3,5-tribromo¬ 
benzene  were  studied  in  nonpolarized  light. 


EXPERIMENTAL 

Investigations  of  low-frequency  Raman  spectra  of  isomorphous  crystals  of  p-dichloro-,  p-bromochloro-,  and 
p-dibromobenzene  provided  valuable  information  about  the  motions  of  molecules  in  the  crysuls  of  these  compounds 
[3].  Our  investigations  of  halogenated  benzenes  were  continued  with  experimenQ  on  symmetrical  trichloro-  and 
tribromobenzene.  These  substances,  prepared  by  the  diazo  mediod,  were  recrysullized  repeatedly  from  various 
solvents  and  finally  purified  by  twofold  sublimation.  The  melting  points  of  the  compounds  agreed  with  literature 
dau. 


Single  crystals  were  grown  from  melts  in  tubes  with  drawn-out  capillaries.  Good  single  crystak  6  cm 
long  and  1  cm*  in  cross  section  were  obtained.  It  k  much  easier  to  obtain  1,3 ,5 -trichlorobenzene  than  1,3,5- 
ttibromobenzene  in  the  form  of  single  crysuls.  Thk  may  be  due  to  the  large  difference  between  the  melting 
points  of  the  two  substances.  The  melting  point  of  symmetrical  trichlorobenzene  k  63.5*,  and  that  of  symmetrical 
tribromobenzene  k  121.5*.  The  difference  between  the  molecular  volumes  of  the  two  subsunces  probably  also 
has  an  effect. 
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The  specimens  were  illuminated  by  the  standard  light  source  of  the  ISP-Sl  spectrograph  with  a  PRK*2 
mercury  arc.  In  some  experiments  the  source  consisted  of  an  arc  w'ith  a  condenser.  The  spectra  were  photo* 
graphed  with  the  ISP *51  specnograph  and  the  UF-84  camera  (in  the  region  of  the  4047  A  mercury  line  the  disper* 
•ion  was  about  6  A/mm).  The  low*frequency  spectral  lines  from  the  4046,  4077,  and  4358  A  exciting  lines  were 
studied.  Nonpolarized  light  was  used  throughout  the  investigation.  The  results  are  given  in  Table  1. 

TABLE  1 

Line  Frequencies  and  Intensities  for  Two  Orientations  of  the  Crysub  in  Relation  to  the 
Incident  Beam  and  Observation  Direction  (frequencies  in  cm"^,  intensities  in  relative 
units) 


Orienu- 

tion 

Substance 

»» 

I 

*1 

I 

1  ** 

j  / 

*4 

1 

I 

1 ,3,5 -TrichWobenzene 

21,4 

5 

33,4 

5 

46,4 

10 

57 

5 

1 ,3 ,5  -T  r  ibromobenz  e  ne 

21.4 

5 

28,9 

5 

36,6 

10 

43,9 

5 

11 

1,3,5 -Trichlorobenzene 

21,4 

33,4 

10 

46,4 

9 

57 

5 

1 ,3 ,5  -T  ribromobenz  ene 

21,4 

5 

28,9 

10 

36,6 

9 

43,9 

5 

Orientations  I  and  n  differed  in  that  the  crystal  was  turned  through  90*  about  the  observation  axb.  Table 
1  shows  changes  in  the  intensities  of  some  of  the  specnal  lines  in  relation  to  orientation. 

The  line  of  frequency  b  the  narrowest.  The  other  lines  for  crystab  of  both  substances  are  of  approxi¬ 
mately  the  same  width,  greater  than  that  of  the  line. 


Discussion  of  Experimental  Results 

Low-frequency  Raman  spectra  of  bomorphous  crystab  [3]  are  similar  In  the  number  of  lines  and  the 
polarization  states  and  intensities  of  corresponding  lines  characterizing  the  same  vibrations  in  the  lattices  of 
these  crystab.  Shifts  of  the  line  frequencies  are  mainly  caused  by  differences  between  the  principal  moments 
of  inertia  of  the  molecules  in  the  case  of  rotational  oscillations,  or  their  masses  in  the  case  of  translational 
vibrations.  Therefore  similarity  of  the  low-frequency  Raman  spectra  of  a  number  of  substances  indicates  that 
their  crysub  are  bomorphous  [4]. 

It  follows  from  Table  1  that  the  spectra  of  1,3 ,5 -trichlorobenzene  and  1,3,5-tribromobenzene  (with  the 
same  orientation  of  the  crysub  relative  to  the  exciting  beam  and  the  direction  of  observation)  are  similar  both 
in  the  number  and  the  intensities  of  the  lines.  This  suggests  that  the  two  substances  are  bomorphous.  Unfortunately 
we  have  not  found  any  publications  dealing  with  x-ray  structural  analysb  of  these  compounds. 

If  the  compounds  are  bomorphous,  the  methods  described  in  [3]  can  be  used  for  assignment  of  the  spectral 
lines  to  particular  molecular  vibrations.  Table  1  shows  that  all  the  specnal  lines  are  fairly  strong.  According  to 
Bhagavantam  [5],  intense  lines  in  these  spectra  are  due  to  rotational  oscillations  of  the  molecules  in  the  lattice; 
in  most  cases  thb  b  confirmed  experimentally.  Therefore  in  the  present  instance  we  may  also  assume  that  all 
the  observed  lines  are  produced  by  rotational  oscillations  of  the  molecules  relatively  to  each  other. 

TABLE  2  Routional  oscillations  maybe  represented  by  the  formula 


Principal  Moments  of  Inertia  (in  g  *  ctd*) 


Substance  | 

1  /i  •  »o-| 

1  /.  •  »o« 

1,3,5-Trichloto- 

benzene 

1994 

91^ 

998 

1,3,5-Tribromo- 

benzene 

4680 

2338 

2342 

where  K  b  the  quasielastic  force  constant;  I  b  the  moment  of 
inertia  of  the  molecule. 

The  principal  moments  of  inertia  of  1,3,5-trichloro¬ 
benzene  and  1,3,5-tribromobenzene  molecules  are  given  in 
Table  2(Ix  b  the  moment  of  inenia  about  the  axb  perpendi¬ 
cular  to  the  plane  of  the  benzene  ring ;  Is  b  the  moment  of 
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Inertia  about  the  axis  in  the  plane  of  the  benzene  ring,  passing  through  one  of  the  halogen  atoms  and  symmetrical 
with  respect  to  the  other  two  halogen  atoms;  Ij  is  the  moment  of  inertia  about  an  axis  perpendicular  to  the  other 
two).  Table  2  shows  that  the  different  moments  of  inertia  do  not  differ  greatly  either  for  the  same  molecule  or 
for  different  molecules,  and  I|  and  Ij  almost  coincide. 

The  following  relationship  is  valid  for  equivalent  lines  in  low-frequency  spectra  of  isomorphous  crystals, 
due  to  rotational  oscillations  of  the  molecules: 


=  I  /  ^CI^Br 

''Br  y  A'b,/c,’ 

Le.,  when  the  corutants  are  equal 


For  unambiguous  assignment  of  the  lines  to  different  rotational  oscillations  of  the  molecules  in  isomorphous 
crysuls  of  the  ratio  of  the  moment  of  inertia  must  be  different  for  different  lines.  However,  in  our  case  this 
ratio  was  constant: 


1.53. 

'3.CI 


Therefore  the  method  described  in  [3]  could  not  be  used. 

We  consider  that  a  certain  degree  of  interpretation  of  the  lines  is  possible  by  comparison  of  the  quasi¬ 
elastic  force  constants  for  different  vibrations  in  one  crystal.  Because  the  other  crystal  is  isomorphous  with  the 
first,  the  disuibution  of  the  constants  should  be  similar.  The  quasielastic  force  constants  for  rotational  oscillations 

of  molecules  in  the  crystals  were  calculated  from  the  formula 

[6] 

Kt  =  4i:V/v=, 

where  c  is  the  velocity  of  light  in  vacuum. 

The  results  of  the  calculations  are  given  in  Table  3. 
Calculations  were  not  performed  for  other  possible  variants, 
as  they  are  not  of  any  particular  interest. 

Selection  of  the  variant  for  correct  estimation  of  the 
quasielastic  force  constants  in  our  crystals  should,  in  our 
opinion,  be  based  on  the  following  comparisons.  The  table 
of  our  calculated  constants  for  rotational  oscillations  of  the 
molecules  in  the  lattices  of  symmetrical  trichlorobenzene  and 
tribromobenzene  should  be  compared  with  the  table  of 
constants  for  substances  for  which  the  lines  due  to  rotational 
oscillations  have  been  conclusively  assigned  to  definite 
vibrations  of  the  molecules  in  the  lattices  [3,  6,  7].  These 
data  are  presented  in  Table  4.  All  the  substances  named  in  this  table  crystallize  in  space  group  (<b 
molecules  in  the  unit  cell).  In  this  case  rotational  osciilatioris  of  the  molecules  may  be  in  phase  with  each  other 
or  in  opposite  phases  [3]. 

Table- 4  shovrs  drat  die  quasielastic  force  constants  do  not  differ  greatly  for  different  rotational  oscillations 
and  do  not  exceed  17*10~^  dyne -cm.  It  is  likely  that  the  constants  for  the  lattices  of  symmeuical  trichloro¬ 
benzene  and  tribromobenzene  should  abo  satisfy  these  conditions. 

Comparison  of  the  calculated  quasielastic  force  constants  of  our  substances  in  variants  I  and  D  (Table  3) 
shows  diat  the  values  of  the  constants  in  variant  I  are  more  probable  than  in  variant  n,  in  which  there  are  very 
large  differences  between  the  constants  and  the  values  of  the  constants  for  certain  vibrations  are  very  large. 


TABLE  3 

Quasielastic  Force  Constants  K  (dynes •cm) 


Variant 

i  a 

S  oS 

Fre¬ 

quencies 

1.3,5- 

Trichloro' 

T^ribromo- 

benzene, 

K-10^^ 

L 

>»i 

3,3 

7.5 

/l 

8,0 

14 

/• 

7,7 

11,2 

h 

11.7 

15,8 

11 

h 

23,0 

33,0 

It 

V» 

15,2 

22.5 

It 

n 

1,68 

3,93 

I» 

4,0 

7.0 
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TABLE  4 


Quasielastic  Force  Constants  (K  •  10**,  dynes  •  cm)  of  Substances  Studied 


Substance 

1 

Greatest  moment  of  | 

inertia  of  the  molecule  | 

1  Mean  moment  of  inertia 

1  of  the  molecule 

Least  moment  of  inertia 
of  the  molecule 

vibrations 
in  phase 

vibrations  | 

out  of  phase 

1  vibrations 
in  phase 

vibrations 
out  of phase 

vibrations 
in  phase 

vibrations 
out  of  phase 

Naphthalene 

4.7 

7.7 

12.5 

15.8 

14.3 

il 

p-Dichlorobcnzene 

3.75 

11.0 

10.5 

13.6 

2.5. 

4.6 

p-Bromochlorobenzene 

4.4 

14.7 

13.0 

15.4 

2.6 

4.6 

p-Dibromobenzene 

4.7 

16.0 

15.0 

1  16.8 

2.7 

4.6 

TABLE  5 

Correlation  of  Quasielastic  Force  Constants  and  Melting  Points 


Author 

Ffuhling  1 

1  Korshunov  and  Volkov 

Substance 

1  benzene 

diphenyl 

ether 

diphenyl 

naphtha¬ 

lene 

P'di- 

phenyl- 

benzene 

anthra¬ 

cene 

p-di- 

chloro- 

b^n^ene 

P* 

bromo- 

chloro- 

bunzene 

p-di 

bromo- 

benzene 

1.3,5-tri- 

chloro¬ 

benzene 

1.3,5-tri- 

bromo- 

benzene 

Mean  quasielastic  forcel 
constant  for  rota¬ 
tional  oscillations, 
Kav*  10^*,  dynes*  cm 

4.2  I 

1  6.2 

1 

j 

I 

1 

1 

1 

11.2  j 

1 

! 

1 

1 

1 12.0 

i 

i 

j 

i  22.4 

24.0 

7.7 

9 

9.7 

1 

i 

8.3 

j 

1 

12.5 

Melting  point,  *C 

5 

26 

70  j 

1 

|210 

217 

53 

67.4 

S7.8 

63.5 

121.5 

There  are  no  grounds  for  believing  that  the  quasielastic  force  constants  of  1.3,5*trichloro-  and  l,3,S-tribromobenzene 
should  be  much  greater  than  the  substances  listed  in  Table  4.  This  is  also  apparently  confirmed  by  the  following 
considerations.  In  Fruhling's  paper  [8]  the  average  quasielastic  force  constants  of  a  number  of  substances  are  cor¬ 
related  with  their  melting  points  (Table  5).  If  the  average  quasielastic  force  constants  of  different  substances  are 
plotted  against  the  melting  points,  die  data  in  [8]  and  our  data  (Table  5)  fit  satisfactorily  on  a  straight  line.  How¬ 
ever,  Fruhling's  line  does  not  coincide  with  tire  line  plotted  for  our  substances.  This  is  possibly  because  Fruhling 
investigated  hydrocarbons  only,  whereas  the  substances  considered  by  us  also  contain  chlorine  or  bromine,  and  thb 
should  have  a  certain  influence  on  the  quasielastic  forces.  The  correlation  between  the  average  values  of  the  quasi¬ 
elastic  constants  (calculated  from  the  rotational  oscillation  frequencies  of  the  molecules  in  lattices)  and  the 
melting  points  is  only  approximate,  because  several  factors  are  not  taken  into  account.  However,  this  correlation 
may  be  used  qualitatively  in  estimates  of  the  quasielastic  force  constants.  In  view  of  the  foregoing,  the  choice  of 
variant  I  appears  justified. 

In  assigning  the  frequencies  to  particular  rotational  oscillations  we  tacitly  assumed  that  the  unit  cells  of 
1,3,5-trichlorobenzene  and  l,3,S-tribromobenzene  each  contains  two  molecules,  and  the  selection  rules  allow  six 
lines  in  the  low-frequency  spectra  of  these  substances. 

The  magnitudes  of  the  moments  of  inertia  Ij  and  I3  coincide.  If  the  quasielastic  force  constants  for 
rotational  oscillations,  determined  by  these  moments  of  inertia  and  occurring  in  phase  and  out  of  phase  are  close 
enough  in  magnitude,  the  lines  of  frequencies  and  should  be  double.  The  considerable  width  of  these  lines 
indicates  that  this  is  possible.  The  mean  quasielastic  force  coefficients  were  calculated  with  this  assumption. 

The  low-frequency  spectra  of  the  compounds  studied  in  this  investigation  can  be  interpreted  more  fully  with 
the  aid  of  polarization  studies  which  we  are  at  present  conducting.  Table  1  shows  that  the  intensities  of  certain  lines 
depend  on  the  orientation  of  the  crystal  in  relation  to  the  incident  beam.  We  consider  that  this  dependence  is 
determined  by  a  special  arrangement  of  the  molecules  in  the  unit  cell.  Studies  of  spectra  by  polarized  light  would 
give  a  more  detailed  answer  to  this  question. 
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TABLE  6 


Correlation  of  Quasielastic  Force  Constants  with  Packing  Factors  and 
Melting  Points 


Substance 

Packing  factor 

1  Mean  K 

» 

Melting  point, 

1 

p-Dichlorobenzene  | 

0.687  ! 

!  7.7 

53 

p-Bromochlorobenzene 

0.714  1 

67.4 

p -D  ibromobenz  ene 

0.740 

j  9.7 

87.8 

According  to  Table  3,  the  quasielastic  force  constants  for  rcutional  oscillations  of  the  same  type  in 
1,3,5-trichloro-  and  l,3,n-tribromobenzene  differ  considerably.  It  is  usually  suggested  that  the  quasielastic  force 
constants  for  vibrations  of  the  same  type  in  isomorphous  crystals  n:.:at  be  equal.  However,  the  corresponding  constants 
differ  from  each  other  even  in  the  case  of  p-dichloro-,  p-bromocbloro-,  and  p-dibromobenzene  (Table  4),  although 
the  crystals  of  these  compounds  have  been  shown  to  be  isomorphojs  [9].  We  consider  that  the  concept  of  close 
packing  of  molecules  in  organic  crystals  [10]  is  very  significant  fee  explaining  the  difference  between  the  constants 
in  series  of  isomorphous  crystals. 

The  closest  packing  is  also  the  most  favorable  from  the  energy  aspect.  At  the  same  time  Kitaigorodskii  notes 
that,  in  his  opinion,  it  is  incorrect  to  assume  that  the  characteristics  of  crystal  structure  are  determined  by  the 
nature  of  the  intermolecular  forces  [10],  We  consider  that,  apart  from  the  nature  of  the  intermolecular  forces 
(dispersion,  dipole,  etc.),  a  knowledge  of  the  quasielastic  force  cccstants  can,  at  least  in  certain  cases,  be  useful 
for  interpretation  of  the  results  of  crystal-chemical  investigations.  This  may  be  illustrated  by  the  substances 
indicated  in  Table  5.  The  volumes  of  the  unit  cells  in  the  crystals  of  these  substances  are  very  similar;  each  unit 
cell  contains  two  molecules.  Changes  of  the  packing  factor  depend  primarily  on  differences  between  the  molecular 
volumes  of  different  substances.  If  molecules  differing  in  volume  are  to  occupy  the  same  unit  cell  volume,  their 
positions  must  be  changed  somewhat;  this  is  confirmed  by  x-ray  da:a. 

When  chlorine  is  replaced  by  bromine  the  change  in  the  molecular  volume  is  comparatively  small  and  the 
anangement  of  the  molecules  in  the  structures  is  fairly  similar;  this  accounts  for  the  similarity  between  the  low- 
frequency  spectra  of  these  crystals.  However,  even  a  slight  change  in  the  relative  positions  of  the  molecules  alters 
the  distance  betv/een  them.  Van  der  Waals  forces  change  very  rapidly  with  change  of  distance,  as  the  potential 
energy  of  molecular  interaction  is  proportional  to  B/r*.  It  is  therefore  natural  that  with  increase  of  the  molecular 
packing  factor  in  the  series  p-dichloro-,  p-bromochloro-,  and  p-dihromobenzene  the  quasielastic  force  constant 
increases  and  the  melting  point  rises  with  it  (Table  6). 

In  the  case  of  1,3,5-trichloro-  and  1,3,5-tribromobenzene,  if  the  substances  are  isomorphous  the  dimensions 
of  their  unit  cells  should  be  fairly  close.  The  number  of  molecules  in  each  unit  cell  should  also  be  the  same. 
However,  as  here  three  chlorine  atoms  are  replaced  by  three  bromine  atoms,  the  difference  between  the  molecular 
volumes  becomes  considerable.  It  is  likely  that  the  molecular  arrangement  differs  to  a  greater  extent  than  in 
dihalobenzenes,  but  isomorphism  is  retained,  as  is  shown  by  the  similarity  of  the  low-frequency  Raman  spectra. 

The  packing  factor  of  1,3,5-tribromobenzene  is  greater  than  that  cf  1,3 ,5 -trichlorobenzene,  and  the  molecules 
of  the  former  are  closer  together.  Therefore  the  quasielastic  force  constants  for  the  lattices  of  these  compounds 
differ  considerably. 

The  explanation  put  forward  in  this  paper  for  variations  of  the  intermolecular  forces  in  the  crystab  of  the 
compounds  studied  is  to  a  certain  degree  formal  and  requires  physical  interpretation,  as  does  the  theory  of  close 
packing  of  molecular  crystals,  although  it  is  confirmed  in  all  cases  studied.  Of  course,  it  could  be  assumed  that 
differences  between  the  quasielastic  force  constants  in  crystals  of  cMoro-  and  bromosubstituted  benzenes  are  due 
to  difTerences  in  the  nature  of  the  intermolecular  forces.  The  chlorine  atom  is  not  quite  identical  with  the  bromine 
atom  in  the  chemical  sense.  Moreover,  the  intermolecular  forces  may  not  be  purely  of  the  Van  der  Waals  type. 
Nevertheless,  the  considerable  changes  in  the  packing  factors  and  quasielastic  force  constants  in  the  transition 
from  dihalo-  to  trihalosubstituted  benzene  apparently  does  not  indicate  that  the  distances  between  the  molecules 
in  the  crystals  alter.  It  would  be  useful  to  correlate  changes  of  intermolecular  distances  with  changes  in  the 
quasielastic  force  constants  as  the  temperature  changes.  Such  an  investigation  might  establish  the  nature  of 
intermolecular  forces  in  organic  crysuls.  However,  there  are  as  yet  no  reliable  experimental  data. 
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In  conclusion,  the  authors  thank  L.  P.  Zubanova  for  help  in  growing  the  single  crystals. 

SUMMARY 

1.  Low-frequency  Raman  spectra  of  1,3.5-trichiotobenzene  and  1.3,S-tribromobcnzene  were  studied;  the 
results  suggest  that  the  compounds  are  isomorphous. 

2.  A  method  for  interpreting  the  lines  in  low -frequency  Raman  spectra  is  described. 

3.  Certain  differences  between  the  spectral  characterbtics  of  1,3,5 -trichlorobenzene  and  l,3,S-tribTOTTK> 
benzene  are  attributed  to  steric  factors. 
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It  was  found  that  the  compound  Nb^Al  has  a  crystal  structure  of  the  o -phase  type  with  lattice  constants 
a  =  9.937  kX  and  c  -  5.157  kX,  and  is  in  equilibrium  with  the  compounds  Nb^Al  and  NbAlg  at  600*. 

*  *  * 

Aluminum  and  niobium  form  three  compounds:  Nb^Al,  NbjAl  and  NbAl3.  The  first  to  be  discovered  was 
the  compound  NbAlj  with  a  tetragonal  structure  of  TiAlj  type  and  lattice  constants  a  =  5.427  kX  and  c  =  8.584  kX 
[1].  In  alloys  richer  in  aluminum  this  compound  is  in  equilibrium  with  the  latter  [2],  The  compound  NbjAl 
crystallizes  in  a  cubic  structure  of  the  type  CrjSi  ("fi  -W")  with  a  =  5.187  A  [3].  A  study  of  the  complete  phase 
diagram  of  binary  Nb~Al  alloys,  carried  out  by  Baron  and  Savitskii  [4]  showed  the  existence  of  a  third  compound 
with  a  homogeneity  range  from  11  to  14*^  A1  by  weight  (30-36  atomic  *’h  Al),  including  the  composition  NbjAl. 

The  purpose  of  the  present  work  was  an  x-ray  study  of  phase  equilibria  in  Nb~Al  alloys  and  of  the  crystal 
structure  of  the  compound  NbjAl.  The  alloys  were  made  from  aluminum  (99.99%  A 1)  and  nlobium(99.4%  Nb)*  in 
an  arc  furnace  with  a  nonexpendable  tungsten  electrode.  The  phase  composition  of  the  alloys  was  investigated  by 
the  x-ray  powder  method;  specimens  held  at  120  hours  at  600*  and  quenched  in  water  were  used.  The  results  of 
the  phase  analysis,  given  in  Table  1,  confirm  tlie  existence  of  three  compounds  of  niobium  and  aluminum. 


TABLE  1 

Phase  Composition  of  Nb— Al  Alloys  at  600* 


Alloy 

Mo. 

Aluminum 

content* 

Phase  composition 

Lattice 

constants 

«(*Z)| 

1  e  (fcZ) 

1 

8.8 

24.9 

Nb»AI 

5,174 

2 

9.0 

25,4 

NbsAl  -f-  trace  NbjAI 

3 

11.4 

30,7 

NbiAl  -f-  trace  NbjAI 

4 

12.4 

32,8 

NbsAl 

9,937 

5,157 

5 

14.2 

36,3 

Nb,AI  4-  trace  NbAI, 

6 

22.5 

50,0 

NbiAl  +  NbAI, 

7 

24.0 

52,1 

NbjAI  4-  NbAI, 

8 

35.4 

65,4 

NbAI,  4-  NbjAl 

9 

45.0 

73,8 

NbAI,  4-  trace  Nb,Al 

5,421 

8,584 

*Tbe  compositions  of  the  alloys  given  are  based  on  results  of  chemical 
analysis. 


*The  author  thanks  Prof.  E.  M.  Savitskii  and  V.  V.  Baron  (Institute  of  Metallurgy,  Academy  of  Sciences  USSR)  for 
providing  the  alloys. 
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TABLE  2 

X-Ray  Powder  Diagram  of  the  Compound  NbjAl*  .  Cr-K  Radiation.  Camera  Diameter 
57.3  mm 


•In*  a 

/•*• 

hkt 

(»ln*a 

1  ... 

hkt 

obs. 

calc.** 

obs. 

calc. 

obs. 

calc.*  * 

obs. 

calc. . 

110 

0,026 

0 

4,3 

630 

0,594 

0 

0,6 

LOO 

_ 

0,053 

0 

0,9 

323 

— 

0,613 

0 

0,8 

lot 

0,062 

0,(m;2 

30 

31,5 

442 

— 

0,618 

0 

0,5  . 

210 

0.066 

0,066 

10 

13,6 

631  1 

0,645 

0,643  1 

60 

1.7  \ 

41,8 

111 

0,077 

0,076 

5 

6.7 

532  } 

0,645  } 

40.1  / 

220 

0,106 

0 

4,6 

710  1 

0,660 

0,6.59  1 

10 

1.3  1 

14.1 

211 

0,116 

0,115 

5 

6.1 

550  } 

0,6.59  / 

12.8  1 

310 

0,133 

0,132 

10 

8.0 

413 

0.666 

0,666 

40 

30,7 

221 

0,154 

0 

0,09 

602 

0,671 

0,671 

10 

14.2 

301 

0,168 

0,16.8 

10 

12,9 

333 

0,679 

0.679 

10 

12,6 

320 

0,172 

0,171 

10 

8,3 

612 

0,685 

0,684 

10 

15,5 

3tl 

0,181 

0,181 

30 

:io.5 

640 

— 

0,(«7 

0 

0,3 

002 

0,196 

0,196 

10 

8,5 

701  1 

0,698 

0,6%  \ 

.50 

3,6  1 

42t3 

400 

0,212 

0.212 

5 

6,2 

720/ 

0,699  / 

38,7  J 

32i 

_ 

0,221 

0 

3.7 

423 

— 

0,706 

0 

0,5 

112  \ 
410} 

0,224 

0,223  1 
0,224  } 

100 

7.91 
92,1  1 

100,0 

7111 
551  } 

0,709 

0,709  1 
0,709  / 

10 

0.2 
11.0  i 

11,2 

330 

0,239 

0,238 

50 

49,4 

622 

0.724 

0,724 

10 

8,8 

202 

0,250 

0,263 

0,249 

50 

50,6 

641 

— 

0,73<i 

0 

2.5 

2121 

0,262  1 

80 

75,01 

78,1 

yi2 

— 

0,738 

0 

4.0 

420/ 

0,2fVi  1 

3,1  1 

721 

0.748 

0,748 

10 

10,5 

411 

0,274 

0,274 

90 

83,1 

730 

— 

0,766 

0 

0.1 

331 

0,287 

0,286 

30 

30,6 

503 

— 

0,771 

0 

0,001 

222 

0,302 

0,301 

10 

8,5 

433 

— 

0,771 

0 

0.3 

421 

_ 

0,312 

0 

0,6 

004  l 

0,785 

0,785 j 

40 

24,1 

24,1 

312 

0,328 

0,328 

10 

9,8 

513/ 

0,785  / 

0,02. 

430 

0,331 

0 

0,6 

632 

— 

0,790 

0 

0,003 

510  * 

_ 

0,343 

0 

1.0 

650 

— 

0,805 

0 

1.8 

322 

0,367 

0 

0.3 

114 

— 

0,810 

0 

0.2 

501 

0,379 

0 

0,02 

731 

_ 

0,815 

0 

0,5 

431 

_ 

0,379 

0 

0,4 

523 

_ 

0,824 

0 

0,0002 

520 

0,.383 

0 

0.7 

2(Vi 

— 

0,837 

0 

0,1 

511 

_ 

0,392 

0 

0.1 

800 

_ 

0.845 

0 

1.0 

402 

0,407 

0 

1.3 

214 

_ 

0,850 

0 

1,7 

412 

0,420 

0 

1,9 

651  1 

0,8.54  ] 

2,8 

440 

_ 

0,422 

0 

0.2 

712  } 

0,8.55 

0,856  1 

10 

2.1 

5,3 

521 

_ 

0,432 

0 

0.01 

552) 

0,856  1 

0,4 

0.5 

332 

0,433 

0 

0,6 

810 

— 

0,8.57 

0 

532 

0,449 

0 

0.7 

740 

— 

0,857 

0 

3,4 

103 

0,454 

0 

1,5 

443 

— 

0,863 

0 

0.7 

422 

0,460 

0,4«i0 

10 

5.8 

642 

0,881 

0,882 

5 

4.9 

113 

_ 

0,4(i8 

0 

0.6 

224 

— 

0,889 

0 

1.3 

441 

_ 

0,472 

0 

0.4 

533 

— 

0,889 

0 

0,01 

600 

0,476 

0,475 

10 

15,2 

722  \ 

0,8% 

0,895  1 

50 

6.3 

\  40.2 

610 

0,489 

0 

0,3 

820  t 

0,897  / 

33.9 

531 

_ 

0,498 

0 

0,02 

811  i 

0,908 

0,908  i 

20 

9.4 

}  9.6 

213 

0,507 

0 

1.9 

741  i 

0,908/ 

0,2 

432 

0,526 

0,526 

10 

12,3 

314 

— 

0,916 

0 

3,6 

620 

0,530 

0 

2.4 

613 

— 

0,929 

0 

1,9 

611 

0,537 

0 

0,9 

821 

0,948 

0,947 

80 

53,4 

512  1 
540  / 

0,540 

0,539  1 
0,6)42  } 

10 

4.7  1 
4.2/ 

8,9 

(MK) 

324 

0,9.52 

0,956 

0,951 

0,956 

40 

iO 

9.1 

20,0 

7,4 

223 

_ 

0,546 

0 

0,05 

7321 

0,%3 

0,%2  \ 

10 

1  9  *> 

303 

_ 

0,5<^) 

0 

2,6 

830  / 

O.lXWi  j 

0,1 

313 

_ 

0,573 

0 

5,2 

623 

0,969 

0,968 

30 

15,6 

621  t 
522/ 

0,579 

0,578  1 
0,579  / 

40 

4.51 

21.1/ 

25,6 

750 

543 

0,982 

0,976 

0,982 

0 

20 

0,6 

11,9 

541 

— 

0,590 

0 

1.0 

404 

— 

0,996 

0 

20,4 

•Only  the  o-lines  arc  given  in  Table  2. 
••Sin^^calc.  =  0.0132  (h*  +  k*  ♦  3.712/*). 

•  •  ‘The  intensity  of  the  strongest  line  is  taken  as  100. 
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The  compound  NbjAl  (theoretical  aluminum  content  12.6^  by  weight)  Is  in  equilibrium  with  the  compound 
NbAl|  at  higher  aluminum  contents,  and  with  the  compound  Nb^Al  at  lower  aluminum  contents. 

The  powder  diagram  of  Nb^Al  is  similar  by  the  positions  of  the  iines  to  diagrams  of  o*phases.  We  accord- 
ingiy  assumed  that  the  compound  NbjAl  has  a  structure  of  the  o -phase  type,  i.e.,  that  it  belongs  to  the  tetragonal 
system  in  the  space  group  P4/mnm~D4|!|.  All  the  lines  in  the  x-ray  pattern  of  Nb^Al  are  in  fact  indexed  on  the 
basis  of  the  tetragonal  lattice  with  c/a  =  0.519  (Table  2).  The  NbjAl  lattice  constants  (for  the  alloy  containing 
12.4%  A1  by  weight,  quenched  at  600*),  determined  by  the  precision  method,  are:  a  =  9.937  i  0.002  kX  and 
c  =  5.157  a  0.001  kX,  which  is  close  to  the  constants  of  other  o -phases,  including  the  o -phase  ofNt^i^Ptjgj 
(a  s  9.89  kX,  c  =  5.11  kX,  c/a  =  0.52)  [5].  The  reflection  intensities  were  calculated  for  the  following  atomic 
positions: 


^b**|in  4  (1)  with 
^b^*’in  8  with 
Nb^^in  8  f/7  with 
Al^'^in  2  (a)\ 

in  8  with 


I  -=0,3981; 

x  =  0,4632.  0,1316; 

c  =  0,1823,  2  =  0,2524; 

x  =  0,7376,  2  =  0.0653. 


The  values  of  the  constants  were  taken  to  be  the  same  as  in  the  structure  of  the  CiFe  o  -phase  [6].  The 
calculated  and  observed  intensities  are  in  good  agreement  (Table  2).  This  confirms  that  the  Nb^Al  structure 
belongs  to  the  o  -phase  type. 

The  compound  Nb^Al  is  the  first  representative  of  o  -phases  known  to  contain  aluminum.  The  o -phases 
known  up  to  now  contain  transition  metals  only.  Nevertheless,  the  existence  of  a  -phases  in  systems  of  transition 
metals  with. elements  of  B  subgroups  of  the  periodic  system  is  quite  probable  if  the  following  considerations  are 
uken  into  account.  The  a  -phase  structure  is  closely  allied  to  the  Cr3Si  type  of  structure  (superstructure  based  on 
the  "B- W"  type)  [7,  8];  both  structures  are  characterized  by  close  packing  of  atoms  of  unequal  size  and  high 
coordination  numbers  (CN).  In  the  structure  of  the  CrsSi  type  the  Si  atoms  have  CN  =  12  (the  coordination 


TABLE  3 

Interatomic  Distances  (d)  in  Structures  of  NbjAl  and  NbjAl 


Atoms 

d  (kX) 

Atoms 

d  (kX) 

Compound  Nb-Al 

Nb<’>  —  2  AI<2) 

2,89 

Nb<‘>  — 2  Nb<“> 

2,73 

—  4  Nb^2) 

3,13 

—  1  Nbt’> 

2,86 

—  2  Nb<’> 

3,20 

—  2  AI<’> 

2,95 

—  1  Nb<') 

3,30 

-4  A1<2> 

3,05 

Al<*>  -  1  AI<2) 

2,69 

—  4  Nb<’> 

3,20 

-  4  Nb<’> 

2,87, 

—  2  Nb<’> 

3,30 

—  4  Nb<‘> 

2,95 

—  1  Nb<2) 

2,72 

A1<2)  _  1  Al<‘> 

2,69 

—  1  Nb<‘> 

2,73 

_  1  A1<2) 

2,77 

-1  Alt^) 

2,79, 

—  2  Nb<^ 

2,79, 

—  2  AI<2) 

2.79, 

—  2  Nb<2> 

2.79, 

-1  A1<2) 

2.80, 

—  2  Nb<’> 

2,86, 

—  2  Nb<®> 

3,12 

—  2  Nb<’> 

2,89 

—  2  Nb<’> 

3,t3 

—  2  Nb<’> 

3,05 

—  4  Nb<*> 

3,21 

Compound  Nb,AI 

Nb^’>  —  1  Nb<*> 

2,55 

Nb  —  2  Nb 

2,59 

—  1  Nb<®i 

2,60 

—  4  A1 

2,89 

—  2  AI^ 

2,86, 

—  8  Nb 

3,17 

-1  Al<‘> 

2,87, 

A1  — 12  Nb 

2,89 

polyhedron  is  an  icosahedron),  and  the  Cr  atoms  have  CN  =  14  (coordination  polyhedron  with  24  viangulat  faces); 

In  the  o -phase  structure  the  atoms  have  the  same  coordination  numbers  and,  in  addition,  CN  =  IS  (polyhedron 
with  26  triangular  faces).  Compounds  of  transition  metals  with  each  other  (V,Co,  NbjPt,  etc.)  and  numerous 
compounds  of  transition  metals  with  elements  of  the  B  subgroups  (V|S1,  Cr3Gc,  NbjSb)  [9]  all  belong  to  the  Cr,Sl 
type  of  structure.  It  was  therefore  to  be  expected  that  a  -phases  should  also  be  formed  in  systems  of  transition 
metals  with  elements  of  B  subgroups.  The  first  representative  of  such  o -phases  was  the  ternary  compound 
Ci^NItsSiTOt  discovered  by  Aronsson  and  Lundstrom  [8]  and  (independently)  by  us  jointly  with  Kripyakevich  and 
Kuz'ma  [10];  the  second  representative  was  the  compound  Nb^Al,  containing  Al,  the  neighbor  of  silicon. 

In  the  light  of  the  above  it  is  easy  to  understand  the  simultaneous  existence  of  the  compounds  NbjAl  (CrsSl 
structure  type)  and  Nb^Al  (o  -phase  structure  type)  in  the  Nb-Al  system.  These  compounds  not  only  have  the 
same  type  of  atomic  packing  and  similar  coordination  numbers,  but  the  distributions  of  the  atoms  in  them  are 
similar:  in  the  structures  of  both  compounds  the  smaller  Al  atoms  have  CN  =  12,  and  the  Nb  atoms  have  CN  >  12 
(in  the  NbjAl  structure  CN  of  Nb  is  14,  and  in  the  Nb^Al  structure  the  CN  is  IS  for  Nb^*)  14  for  Nb^’)  and  14  for 
The  compounds  Nb^Al  and  Nb2Al  also  have  similar  lattice  constants  (a^^^y^l  «  ci^bjAl)  interatomic 
disunces  (Table  3);  the  Nb-Nb  distances  may  be  either  less  or  greater  than  the  Nb-Al  distances  in  both 
compounds.  The  existence  of  compounds  of  the  CrjSi  and  o  -phase  types  in  the  same  system  is  also  characteristic 
of  other  binary  systems  (V— Co;  V— Ni,  Cr— Ru,  Cr— Os,  Nb-Rh,  Nb-Pt,  Mo— Os)  [9,  11, 12]. 

The  third  compound  of  this  system,  NbAl),  differs  from  the  compounds  with  lower  aluminum  contents  in 
that  its  structure  is  based  on  close  packing  of  atoms  of  equal  size  (deformed  superstructure  based  on  the  Cu  type). 
Thus,  niobium  and  aluminum,  which  have  very  similar  atomic  radii,  form  compounds  with  two  types  of  close 
packing. 

After  this  investigation  had  been  completed  the  author  saw  the  paper  by  McKinsey  and  Faulring  [13],  reporting 
the  formation  of  the  compound  NbjAl  with  a  tetragonal  structure  and  constants  a  =  9.943  A  and  c  =  5.186  A ;  these 
authors  assumed  that  Nb^Al  belongs  to  the  o -phase  type  but  did  not  calculate  the  intensities. 
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Ditoluenechromium  iodide  [CH3CtH5)jCr]^l"  was  investigated  by  x-ray  structural  analysis  (projection  of  the 
interatomic  function  and  section  of  the  three-dimensional  electron  density  difference  series).  Space  group  I2/m, 
a  =  7.94;  b  =  6.77;  c  =  12.55  A ;  0  =  104*22'.  The  ditoluenechromium  cation  has  2/m  symmetry  in  the  crystal. 
The  six-membered  carbon  rings  are  planar  and  parallel  to  each  other.  The  length  of  the  carbon*- carbon  bonds 
in  the  ring  is  1.42  i0.03  A;  the  distance  between  the  carbon  atom  of  the  methyl  group  and  the  carbon  atom  in 
the  ring  attached  to  it  is  1.49  A.  All  the  distances  between  the  carbon  atoms  in  the  ring  and  the  chromium  atom 
are  equal  to  2.08  i  0.01  A.  The  structure  is  composed  of  infinite  close-packed  layers  in  the  xOz,  x^/tZ,  xlz. . . 
planes.  *  *  * 

During  the  past  decade  the  so-called  ir -complexes  of  metals  have  attracted  much  attention  among  chemists. 
The  first  representative  of  this  class  of  compounds  was  ferrocene,  described  in  1951  [1,  2].  This  was  soon 
followed  by  synthesis  of  a  long  series  of  cyclopentadienyl  derivatives  of  metals,  and  it  is  now  difficult  to  name 
a  metal  which  is  not  known  to  form  a  compound  with  cyclopentadicne  [3],  although  it  need  not  necessarily  be  a 
dicyclopentadienyl  derivative,  and  not  all  these  substances  can  be  classified  with  the  ir -complexes.  After  the 
dicyclopentadienyl  derivatives^  substances  of  analogous  type  but  with  other  aromatic  ligands  were  synthesized. 

Perhaps  one  of  the  most  interesting  representative  of  this  class  of  compounds  is  dibenzenechromium  [4]. 

Unfortunately,  the  investigations  of  the  structure  of  dibenzenechromium  undertaken  by  Fischer  [5]  and 
Jellinek  [6]  could  not  give  sufficiently  accurate  data  on  bond  lengths  in  thb  molecule,  for  the  following  reason. 

It  was  found  in  an  x-ray  structural  investigation  of  ferrocene  [7]  that  because  of  the  low  potential  parrier  in  the 
relative  rotation  of  the  five-membered  rings  of  the  molecule  these  rings  undergo  strong  torsional  vibrations  in 
the  crystal  about  their  five-fold  axis  of  symmetry.  As  a  result  the  electron  density  maxiirta  corresponding  to  the 
carbon  atoms  are  very  diffuse,  which  lowers  considerably  the  accuracy  in  determinations  of  bond  lengths  between 
the  carbon  atoms  and  also,  to  a  somewhat  lesser  extent,  between  the  carbon  and  iron  atoms.  (The  accuracy  in 
measurement  of  the  carbon— carbon  bond  lengths  in  ferrocene  is  actually  i  0.045  A.  and  not  *  0.02  A  as  stated 
in  the  original  paper).  In  the  case  of  ferrocene  solutions  and  vapor  there  are  data  [8]  indicating  not  oscillation 
but  relative  rotation  of  the  flve-membered  rings.  A  similar  effect  apparently  occun  in  dibenzenechromium. 
According  to  Fischer  [5]  and  Jellinek  [6],  dibenzenechromium  crystallizes  in  the  cubic  system  with  the  same 
space  group  as  carbon  dioxide:  Pa3— T^.  The  unit  cell  contains  four  molecules;  the  cell  constant  a  =  9.67 
a  0.03  A  ;  the  volume  per  molecule  is  226  A*.  The  molecule  has  the  configuration  of  a  hexagonal  prism,  i.e., 
the  carbon  atoms  of  one  six-membered  (benzene)  ring  are  situated  above  the  carbon  atoms  of  another.  The 
rings  are  planar,  with  valence  angle  120  ±2*,  but  they  have  a  three-fold  rather  than  a  six-fold  axis  of  symmetry. 
Carbon— carbon  bonds  1.44  iO.02  A  in  length  alternate  with  shorter  bonds,  1.36  10.02  A  in  length.  All  the 
chromium— carbon  distances  are  equal,  2.13  10.01  A. 

Dibenzenevanadium  V(CeHe)^  and  dibenzenemolybdenum  Mo(CcHc)^  do  not  have  cubic  cells.  Dibenzene- 
vanadium,  like  the  dicyclopentadienyl  metal  complexes,  crystallizes  in  the  monoclinic  space  group  c|h* 
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The  reason  for  the  easy  vibrations  of  the  carbon  rings  in  ferrocene  and  dibcnzenechromlum  is  the  high 
lymmetry,  very  close  to  cylindrical,  of  the  five-  and  slx-membered  rings  in  these  compounds.  Therefore,  the 
carbon  rings,  both  within  the  same  molecule  and  in  different  molecules,  can  move  relative  to  each  other  almost 
•without  friction;*  there  is  nothing  by  which  they  can  "catch*  each  other  [9], 

In  order  to  avoid  the  difficulties  associated  with  vibrations  of  carbon  rings  in  the  molecule,  we  chose  ditoluene- 
chromium  for  the  investigation;  in  this  compound  the  "projecting*  methyl  groups  serve  as  "hooks*  preventing 
rotation  of  the  carbon  rings.  At  the  same  time  the  methyl  group  should  not  alter  the  bond  lengths  in  the  molecule 
to  any  appreciable  extent  in  comparison  with  those  in  dibcnzenechromlum.  Since  compounds  of  a  formally 
bivalent  metal,  such  as  ditoluencchromium,  are  oxidized  very  easily  so  that  experimental  work  with  them  is 
difficult,  the  first  substance  chosen  for  the  investigation  was  ditolucnechrumium  iodide  [(CH3C(Hs)^Cr]I.  It  should 
also  be  noted  that  up  to  now  there  have  been  no  structural  investigations  of  ionic  tr -complexes  of  metals,  either 
with  flve-membered  or  with  six-membered  carbon  rings. 

Ditoluencchromium  iodide  crystallized  from  alcohol,  giving  not  very  well  formed  orange  needles.  Oscil¬ 
lation  x-ray  patterns  and  a  camera  for  photographing  the  reciprocal  lattice  were  used  for  determining  the  constants 
of  the  monoclinic  unit  cell:  a  =  7.94;  b  =  6.77;  c  =  12.55  A ;  6  =  104*22*  ±10*.  The  accuracy  in  the  measure¬ 
ments  of  the  linear  parameters  of  the  unit  cell  was  ±  1*^  of  the  value  measured.  The  volume  of  the  unit  cell  is 
654  A*.  The  cell  contains  two  molecules.  The  measured  density  is  1.7  g/cc,  and  the  calculated  is  1.83  g/cc; 
the  molecular  weight  is  363. 

Reflections  for  which  h^k-t-  /  =2n-fl  were  consistently  absent  from  the  x-ray  patterns.  Therefore  any 
one  of  three  body-centered  space  groups  is  possible:  Im,  12,  and  I2/m. 

In  analysis  of  the  problem  of  the  possible  space  group  the  symmetry  of  the  particles  constituting  die  crystal 
should  be  taken  into  account.  The  ditoluenechromium  cation  can  have  two  "fundamental*  configurations: 
prismatic,  when  a  carbon  atom  of  one  six-membered  ring  is  above  a  carbon  atom  of  another  ring,  and  antiprism atic, 
when  a  carbon  atom  of  one  ring  b  situated  above  the  interval  between  carbon  atoms  of  the  other  ring.  In  each  of 
the  two  cases  several  cation  conformations  are  possible,  in  accordance  with  the  mutual  deposition  of  the  methyl 
groups.  All  the  possible  conformations  are  summarized  in  Table  1,  the  own  symmetry  of  each  and  die  possible 
symmetry  in  the  crystal  being  indicated. 

Among  the  possible  conformations  of  the  ditoluenechromium  cation  there  are  cases  which  can  correspond 
to  any  of  the  particular  positions  of  the  three  possible  space  groups;  it  was  therefore  impossible  to  determine  the 
space  group  uniquely  by  examination  of  the  symmetries  of  the  possible  conformations. 

It  was  postulated  that  the  cation  has  prbmatic  trans  configuration  with  2/m  symmetry,  and  therefore  the 
space  group  of  the  crystal  should  be  I2/m.  Thb  was  fully  confirmed  during  subsequent  structure  analysb. 

Assuming  that  the  iodine  atom  has  coordinates  000,  we  have  three  possibilities  for  the  chromium  atom  with 
any  of  these  space  groups:  0*40;  00*4;  0*4*4- 

■For  determination  of  the  reflection  intensities,  x-ray  patterns  of  ditoluenechromium  iodide  were  obtained 
with  a  reciprocal-lattice  camera  with  unfiltered  molybdenum  radiation.  A  series  of  tracings  was  obtained  for 
rotation  about  the  c  axb,  namely:  hkO,  hkl,  hk2,  hk3,  hk4,  hk5,  hk6,  hk8  (the  hk7  tracing  does  not  contain  any 
reflections  of  appreciable  intensity  and  was  therefore  disregarded  in  the  structure  interpretation).  The  reflection 
intetuities  were  estimated  vbually  by  comparbon  with  blackening  marks  on  a  scale.  The  angle  factor  and  the 
Lorentz  factor  were  taken  into  account  in  the  conversion  from  intensities  to  suucture  factors.  The  laborious 
calculation  of  the  absorption  factor  was  omitted  because  of  the  relatively  low  value  of  the  absorption  coefHcient 
(it  =  33.6  cm).  The  accuracy  of  the  vbual  method  for  estimating  inteiuities  b  about  ±10^  of  the  measured 
quentity.  A  total  of  272  reflections  distinct  from  zero  was  assessed. 

For  determination  of  the  position  of  the  chromium  atom  we  plotted  projections  of  a  series  of  interatomic 
vectors  on  the  ab  plane.  It  was  found  that  this  plane  contains  only  one  strong  maximum  ~  at  the  coordinate 
origin.  Thb  indicates  that  the  chromium  atom  lies  at  the  0(/4  center  of  symmetry,  because  if  it  was  at  the  (/4o 
or  0*4*4  center  the  projection  should  also  contain  a  fably  strong  0*4  maximum.  Two  much  weaker  maxima  on 
the  projection  of  the  series  of  interatomic  vecton  were  not  Interpreted. 

Moreover,  if  the  chromium  atom  b  in  position  00*4,  reflections  with  I  =  2n 

Fhm  =  2/|  -f  2/cr  +  22^*  (hxi  -f  /z,)  cos  2ir 

for  c 
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TABLE  1 


Possible  Conformations  of  the  [CeH5CH3)iCrJ^  Cation 


Conformation 

Own  ^ 
sym¬ 
metry 

Possible 

crystal 

symmetry 

Possible 
sp.  group 

1.  Prismatic  case 

2/m 

2/m,  2,  m,  i 

/2/m,  72,  /m 

2 

2 

72 

nuned 

2 

2 

72 

‘  mm 

mm,  2,  m 

72.  7m 

2-  Antiprismatic  case 

1 

/  turned 

2 

, 

2 

72 

— /  1  turned 

2 

2 

72 

turned 

2 

2 

72 

and  for  reflections  with  I  =  2n  1 


Fhki  =  2/j  —  2/cr  +  2  2  A  cos  2t:  {hxi  -f  /z<)  cos  2:t  ki/t. 
for  o 


Since  the  conuibution  of  the  carbon  atoms  is,  on  the  average,  the  same  in  both  cases,  reflections  with  even  I  are 
likely,  on  the  average,  to  be  appreciably  stronger  than  reflections  with  odd  I  ,  which  is  in  full  agreement  with 
experimental  data.  Thus,  the  first  stage  of  the  analysis  gave  the  coordinates  of  the  chromium  and  iodine  atoms. 

Since  the  positions  of  the  "heavy”  atoms  (iodine  and  chromium)  were  now  known,  we  decided  to  determine 
electron  density  difference  series.  Moreover,  in  the  case  of  ditoluenechromium  iodide  the  calculations  are  made 
much  easier  by  the  following  coruidetations.  If  our  hypothesis  about  die  space  group  is  correct,  the  ditoluene- 
chromium  cation  is  in  a  special  position  «'ith  2/m  symmetry.  This  is  possible  if  the  plane  of  symmetry  passes 
through  the  chromium  atom  perpendicularly  to  the  six-membered  rings  through  the  ring  diameters  on  which  the 
methyl  groups  are  situated,  i.e.,  through  the  O  ,  C4,  and  Cq  atoms  (see  Fig.  3).  The  two-fold  axis  of  symmetry 
passes  through  the  chromium  atom  at  right  a.igles  to  the  symmetry  plane.  Thus,  if  we  take  the  section  of  the 
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electron  density  by  a  plane  coinciding  with  the  symmetry  plane  of  the  cell  (i.e.,  the  xOz  plane),  we  find  the 
coordinates  of  three  (out  of  five)  symmetrically  independent  carbon  atoms  in  that  plane.  However,  the  distance 
between  the  C|  and  C4  atoms  determines  the  diameter  of  the  six-membered  ring  and  therefore  the  average  length 
of  the  carbon— carbon  bonds  in  that  ring.  With  these  data  and  on  the  assumption  that  the  carbon  ring  is  a  regular 
hexagon  we  can  find,  by  elementary  geometry,  the  probable  positions  of  the  other  atoms  of  the  carbon  ring,  i.e., 

Cx  and  Cj.  It  is  easy  to  see  that  these  atoms  lie  in  a  plane  parallel  to  xOz  at  a  height  of  1.23  A  above  the  latter 
(data  on  the  length  of  the  C— C  bond  in  the  ring  found  from  the  section  by  the  xOz  plane  were  used;  see  below). 

With  these  considerations  we  constructed  the  difference  sections  of  electron  density.  Section  by  the  xOz 
plane  was  constructed  first. 

For  the  necessary  reduction  of  reflection  intensities  obtained  from  different  x-ray  patterns  to  a  common 
scale,  we  compared  calculated  and  measured  Intensities: 

^^eas~  ^alc^* 

where  K  is  a  factor  for  converting  the  measured  Intensities  to  a  common  scale  from  the  Individual  values  from 
each  photograph,  and  T  is  the  temperature  factor.  The  coordinates  of  the  carbon  atoms  were  not  known  at  the  first 
stage;  therefore  the  calculated  structure  amplitudes  were  derived  from  the  coordinates  of  the  Iodine  and 
chromium  atoms  only,  with  the  Individual  scattering  curves  taken  into  account.  The  temperature  factor  was 
assumed  isotropic  at  this  stage  of  the  investigation,  i.e., 

T  =  exp  |—  B  (sin  0/X)*J. 

The  constant  B  was  found  to  be  3.1  A*.  After  reduction  of  the  measured  structure  amplitudes  to  a  common  scale, 
the  section  of  the  electron  density  by  the  xOz  plane  was  constructed. 

Construction  of  this  section  confirmed  that  the  choice  of  the  space  group  (I2/m)  was  correct.  If  the  crystal 
had  space  group  Im,  we  would  have  obtained  double  the  number  of  maxima  (because  of  the  noncentrosymmetric 
character  of  the  projection).  However,  this  was  not  the  case,  and  the  nature  of  the  distribution  of  the  maxima 
found  showed  that  the  cation  itself  had  symmetry  2/m;  I.e.,  confirmed  that  the  assumption  with  regard  to  the 
space  group  was  correct. 

The  coordinates  of  the  Co,  C^,  and  C4  atoms  were  found  from  the  section,  while  the  coordinates  of  the  C] 
and  C3  atoms  were  calculated  from  data  obtained  as  described  above.  At  the  next  stage  of  the  work  the  carbon 
atoms  were  taken  into  account  in  calculation  of  the  structure  amplitudes.  Individual  atomic  scattering  curves 
were  used.  The  curve  corresponding  to  the  ionic  state  of  I"  was  used  for  iodine,  and  the  curve  for  chromium 
was  the  average  of  the  curves,  known  from  literature  data,  for  neutral  chromium  and  the  Ci’^  Ion.  In  the  case  of 
the  methyl  group  the  scattering  curve  for  .the  nitrogen  atom  was  used  Instead  of  the  curve  for  the  carbon  atom;  this 
is  the  usual  procedure  in  such  cases.  Comparison  of  the  calculated  and  measured  structure  amplitudes  showed  that 
the  temperature  factor  exhibits  appreciable  anisotropy  (manifested.  In  particular,  by  differences  In  the  heights  of 
the  electron  density  maxima  of  the  carbon  atoms).  Therefore  the  temperature  factor  was  expressed  in  the  form 

T  =  exp  I-(fc|X*  4-  M*  +  hi*  —  M/)l. 

The  calculated  and  measured  structure  amplitudes  were  compared  by  the  method  of  least  squares;  both  the  factor 
K  for  conversion  of  the  measured  values  to  the  absolute  scale  and  the  parameters  of  the  temperature  factor  b|,  b^, 
b|  and  bs  were  found.  As  a  result,  the  following  expression  was  obtained  for  the  anisotropic  temperature  factor: 


T  =  exp  (— (0,0150/i*  +  0,0282**  -f  0,0073/*  —  0,0233*/)!. 


After  the  reduction  of  the  measured  structure  amplitudes  to  a  general  and  absolute  scale  had  been  refined  by 
this  more  rigorous  method,  the  diHerence  section  of  the  electron  density  by  the  xOz  plane  was  again  constructed  (Fig.  1). 
From  the  coordinates  of  the  Co#  Cj,  and  C4  atoms  found  from  this  section  the  positions  of  the  C2  and  C3  atoms  were 
determaned  more  precisely  and  a  new  section  was  drawn  through  them.  For  objective  experimental  determination  of 
all  three  coordinates  fev  these  atoms,  three  sections  were  constructed:  one  at  the  presumed  height  of  the  C|  and  C3 
atoms  above  the  xOz  plane  (Fig.  2);  the  other  two  0.3  A  above  and  below  this  plane. 
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Fig.  1.  Electron  density  distribution  in  the  xOz  plane  (section  of 
difference  series;  I  and  Cr  atoms  deducted).  Lines  of  equal  electron 
density  are  drawn  at  Intervals  of  1.0  el/A*,  surting  from  0.5  el/A*. 


Fig.  2.  Electron  density  distribution  in  the 
xyoZ  plane  (yo  =  1.23  A),  passing  through  the 
centers  of  the  Cj  and  Cj  atoms.  The 
theoretical  positions  of  the  atom  centers  are 
marked  by  crosses.  Lines  of  equal  electron 
density  are  drawn  at  intervals  of  1.0  el/A*, 
starting  from  0.5  el/A*. 


However,  in  analysis  of  these  sections  it  was  found  that  the 
maxima  of  the  C2  and  C*  atoms  are  very  diffuse.  The  probable 
cause  of  this  is  the  considerable  anisotropy  of  the  thermal  vibra¬ 
tions  (see  the  expression  for  the  temperature  factor  and  the  dif¬ 
ference  between  the  heights  of  the  maxima  for  the  carbon  atoms; 
the  lower  heights  of  the  maxima  for  the  C2  and  C3  atoms  indicate 
their  "diffuscnes,*  because  the  total  number  of  electrons  at  the 
maximum  is  equal  to  the  atomic  number  of  the  particular  atom). 
The  diffuse  character  of  the  maxima  of  the  C2  and  €3  atoms 
made  it  impossible  to  determine  their  positions  with  sufficient 
accuracy  by  the  usual  interpolation  method.  It  was  according¬ 
ly  assumed  that  the  coordinates  found  from  the  positions  of  the 
Cq.  Cj,  and  C4  atoms  are  correct  for  these  atoms.  The  validity 
of  this  assumption  was  experimentally  confirmed  with  the  aid 
of  the  following  calculation.  We  selected  structure  amplitudes 
in  which  the  contribution  of  the  carbon  atoms  was  not  less 
than  the  contributions  of  the  chromium  and  iodine  atoms.  There 
were  25  such  structure  amplitudes.  From  them  the  divergence 
factor  R  was  calculated  for  two  cases:  for  determination  of  the 
coordinates  of  the  €3  and  C3  atoms  by  the  usual  interpolation 
mediod'and  for  the  geometrical  determination  of  these  atomic 


coordinates  as  described  above.  In  the  former  case  R  >  25<^  and  in  the  latter  R  =  16<^  This,  clearly  shows  that 


geometrical  determination  is  more  accurate  than  interpolation  for  finding  the  positions  of  the  €3  and  C3  atoms. 


To  estimate  the  accuracy  of  the  investigation,  we  calculated  the  divergence  factor  for  all  the  structural  am¬ 
plitudes.  Two  variants  were  calculated :  with  structural  amplitudes  calculated  from  the  coordinates  of  the  iodine  and 
chromium  atom  only,  and  with  the  coordinates  of  all  the  atoms  except  hydrogen  taken  into  account.  The  respective 
values  of  the  divergence  factor  were  21  and  13*^.  The  sharp  improvement  of  the  divergence  factor  when  the  struc¬ 
tural  amplitudes  are  calculated  from  the  positions  of  all  the  atoms  as  compared  with  the  values  calculated  from  the 
coordinates  of  the  heavy  atoms  is  further  confirmation  of  the  fairly  high  precision  of  the  determination  of  the  co¬ 
ordinates  of  all  the  atoms.  The  formulas  put  forward  by  B.  K.  Vainshtein  [lOj  and  the  value  of  the  divergence  factor 
were  used  to  find  the  accuracy  of  the  determination  of  the  position  of  the  carbon  atoms;  this  was  ±  0.01  A. 


The  experimental  values  of  the  atomic  coordinates,  given  in  Table  2,  show  that  the  cation  has  prismatic 
trans  conHguratlon  with  symmetry  2/m,  and  the  carbon  rings  are  regular  plane  hexagons  to  an  accuracy  of 
i0.03  A.  An  axonometric  projection  of  the  cation  is  given  in  Fig.  3. 
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TABLE  2 

Atomic  Coordinates  in  the  Structure  of  Di- 
toluenechromium  Iodide  (chromium  atom 
taken  as  the  origin)  * 


Atom 

x'a 

»/• 

tfe 

Height  of 
maximum 
el/A* 

I 

Cr 

c, 

c, 

c, 

C4 

0 

0 

—0,076s 

0,005, 

0.170, 

0.253, 

-0.243, 

0 

0 

0 

0,1814 

0,181* 

0 

0 

1/2 

0 

0.147, 

0.135, 

0.110, 

0,00.S„ 

0,182, 

6.5 

4.5 

4.0 

6,0 

6.5 

H, 

-  0,056, 

0.319, 

0,144, 

_ 

H, 

0,233, 

0.319, 

O.lOlo 

— 

H4 

0.378, 

0 

0,079, 

— 

*The  coordinates  of  the  hydrogen  atoms,  not 
revealed  by  x-ray  structural  analysis,  were 
calculated  with  the  usual  assumptions:  a 
hydrogen  atom  is  at  a  distance  of  1.08  A  from 
the  carbon  atom  to  which  it  is  attached  and 
lies  on  the  continuation  of  the  diameter  of 
the  six-membered  ring,  drawn  through  this 
carbon  atom. 


All  the  interatomic  distances  in  the  ditolucne- 
chromium  cation  were  calculated  from  the  data  in  Table  2. 
In  particular,  the  following  bond  lengths  were  found: 


Cr  — C| 
Cr  — C, 
Cr  — C, 
Cr  — C4 
Cr  — C, 
Cr  —  C. 


2,08, 

2.08, 

2.08, 

2.07, 

2.08, 

2.08, 


C— C— l.'i2J;;0,03A,  (in  ring 
C4-C,  =  1,49,\  (C-ClP.) 


Average  2,08±0,00,A 

All  theC— C  and  C— Cr  distances  in  the  six-membered 
rings  are  equal,  within  the  accuracy  limits  of  the  investi¬ 
gation. 

It  is  interesting  to  compare  metal— carbon  distances 
in  different  v -complexes  for  which  structure  data  are 
available  (Table  3).  These  data  show  that  for  the  transition 
metals  of  the  first  long  period  the  metal— carbon  distances 
in  compounds  of  "sandwich"  structure  are  very  close  to  the 
sums  of  the  single -bond  covalent  radii  and  are  usually  slightly 
greater  than  the  latter.  The  exception  is  ruthenium,  which 
belongs  to  the  second  long  period. 


The  accuracy  with  which  dibenzenechromium  and 
ditoluencchromium  iodide  were  investigated  does  not 
permit  reliable  comparisons  of  fine  changes  in  bond  lengths 
in  the  transition  from  the  uncharged  complex  to  the  cation.  Nevertheless,  it  may  be  confidently  concluded  from 
all  the  above  facts  that  the  nature  and  therefore  the  length  of  the  meul— carbon  bond  does  not  alter  significantly 
in  the  transition  from  an  uncharged  "sandwich"  compound  to  a  cation. 


The  average  carbon— carbon  bond  length  in  the  six-membered  rings  of  ditolucnechromium  iodide  is  1.42 
i0.03  A  (Fig.  3).  This  is  close  to  the  lengths  of  the  carbon— carbon  bonds  in  ferrocene  (1.40  A),  ruthenocene 
(1.43  A),  and  dibenzenechromium  (1.40  A). 


Fig.  3.  Structure  of  the  (CHiQHjl^Cr*’ 
.  cation. 


Fig.  4.  Diagram  of  cation,  based  on 
intermolecular  radii. 


The  length  of  the  bond  between  die  carbon  atom  in  the  methyl  group  and  the  attached  atom  in  the  ring 
of  the  ditoluenechromium  cation  is  1.49  i0.03  A.  Comparison  of  these  values  with  data  [13]  for  compounds 
without  a  ^sandwich"  structure  shows  that  the  length  of  the  bonds  between  the  carbon  atoms  in  the  ting  is  some¬ 
what  greater  than  the  bond  length  in  the  benzene  molecule  (1.38  A),  whereas  the  single  C— C  bond  in  ditoluene ■ 
chromium  is  somewhat  shorter  than  the  corresponding  bond  in  "ordinary"  aromatic  compounds  (1.52-1.54  A  in 
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TABLE  3 

Meul“Carbon  Distances  in  t -Complexes  [11] 


1 

Sum  of 

Compound 

Mr-C,A  • 
1 

covalent 
radii,  A 

(C,H,),Mg^ 

2.13^0,03 

2,37 

(C.H.)iV 

2.i1i0,03 

2.08 

(CiH»)jCr 

2.09i;0,()3 

2.04±0.005* 

(C,H,),Fc 

2.04»±0.(»2« 

2,03 

(C*H»)iCo 

2.06^0, 03 

2,02 

(C»H|)jNI 

2,08i:0,03 

2,0i 

(C,H,),Rii(12I 

2,21^0,01 

2,00 

2.04  +0,05** 

(C;H,),Cr|6l 

2,13±0,0i 

[(CH/::,H,),CrB*  •  • 

2.08»±0,01 

2,04±0,05** 

*Bi5-cyclopentadienylmagnesium  is  not  in  fact 
a  v-complex  but  an  ionic  compound. 

••Average  of  the  radii  for  three  modifications 
of  metallic  chromium. 

•  •  ‘From  the  results  of  the  present  investigation. 


alkyl  benzenes).  The  change  in  the  carbon- carbon  bond 
length  in  the  ditoluenechromium  cation  can  probably  be 
attributed  to  close  interaction  between  the  central  chromium 
atom  (which,  moreover,  is  positively  charged)  and  the 
carbon  nuclei.  This  interaction  evidently  consists  of 
attraction  of  the  ir -electrons  of  the  aromatic  nuclei  toward 
the  meul  atom,  i.e.,  a  certain  decrease  of  the  v -electron 
density  in  the  carbon  nuclei  because  these  elections  become 
involved  in  the  formation  of  bonds  with  the  metal  atom. 

In  its  turn  the  methyl  group,  which  is  a  good  electron  donor, 
"shifu*  its  electrons  toward  the  carbon  ring: 


This  displacement  of  the  electrons  should  lead  to  a  kind  of  redistribution  of  the  positive  charge  over  the 
whole  cation,  i.e.,  to  a  decrease  of  the  effective  positive  charge  of  the  chromium  atom  and  appearance  of  small 
positive  charges  on  the  carbon  atoms.  This  view  is  confirmed  by  studies  of  the  chemical  properties  of  ferricinium 
cation  (CgHg)tFe^  and  quantum-mechanical  calculations  of  the  charge  distribution  in  it.  It  is  found  [14]  that  the 
charge  of  the  iron  atom  is  +0.6  (instead  of  +  1)  while  each  of  the  carbon  rings  acquires  a  charge  of  +0.2. 


It  will  be  remembered  that  all  dicyclopentadienyl  compounds  with  the  exception  of  the  ruthenium  compound 
have  centrosymmetric  antiprisrnatic  configuration.  The  configuration  of  arene  complexes  (dibenzenechromium 
and  the  ditoluenechromium  cation)  is  prismatic,  Le.,  the  carbon  atoms  of  the  six-membered  rings  in  a  molecule  , 
and  over  each  other.  The  ditoluenechromium  cation  is  a  very  compact  particle,  very  close  to  spherical  in  form, 
as  is  clear  from  Fig.  4.  The  six-membered  rings  of  the  cations  are  closely  superposed  and  completely  shield  the 
chromium  atom.  Rotation  of  the  methyl  groups  should  be  hindered  to  a  considerable  extent,  because  the  hydrogen 
atom  of  the  lower  (or  upper)  ring  enters  the  space  between  two  hydrogen  atoms  of  the  methyl  group  in  the  upper 
(or  lower)  ring. 
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Fig.  5.  Projection  of  ditoluenechromium  iodide  structure  onto  the  ac 
face  (distances  given  in  A).  Heavy:  ions  of  xOz  layer;  light:  ions  of 
the  •lower*  x^Jz  layer. 


The  distance  between  the  benzene  ring  planes  in  the  cation  Is  3.06  A ,  or  appreciably  less  than  twice  the 
Intermolecular  carbon  radius (~3.6  A)  and  even  less  than  the  corresponding  distance  in  ferrocene (3.34  A).  There 
fore  there  must  naturally  be  considerable  steric  hindrance  between  the  methyl  group  and  the  other  benzene 
nucleus,  taking  the  C-CH)  bond  by  4*  out  of  the  plane  of  the  nucleus  (Fig.  3).  Because  of  this  disturbance  of 
planarity  the  CH|. ..C'4  distance  increases  from  the  ideal  value  (3.40  A)  to  3.50  A,  but  still  remains  appreciably 
shortened  ( the  sum  of  the  C  and  CH|  intermolecular  radii  is  ~3.8  A). 

The  arrangement  of  the  ions  in  the  crystal  structure  of  ditolucnechromium  iodide  is  shown  In  Fig.  5.  The 
shortest  distances  between  the  ions  are  given  in  Table  4;  the  ions  are  numbered  to  correspond  to  Fig.  5,  namely: 


Cation 

Coordinates 
of  center 

Anion 

Coordinates 
of  center 

1 

non 

VI 

00  V, 

ft 

not 

VII 

10'/, 

in 

100 

VllI 

IV 

V 

iOt 

1/,  1/,  1/, 

OK) 

IX 

V,  »/,  i 

The  structure  consists  of  infinite  close -packed  layers  in  the  planes  xOz.  xlz...  One  such  layer,  with 
the  ions  outlined  by  the  molecular  radii,  is  shown  in  Fig.  6.  In  this  layer  there  are  cation— cation  contacts  (for 
example,  I-ni,  Fig.  5),  namely  CH3. .  .H  at  a  distance  of  2.93  A,  and  CH3. . .1'  cation— anion  contacts  through 
the  methyl  group  at  a  distance  of  3.98  A.  The  layers  are  not  packed  to  the  limit:  holes  remain  in  them  in  the 
positions  X  =  z  =  0  and  x  =  =  *4  (fo*”  the  xOz  layer;  Fig.  6).  Holes  of  the  first  type  ate  "covered"  from 

above  and  below  by  anions  of  upper  and  lower  layers,  and  C3. .  .I~,  H3. .  .I~  and  CH3 . .  .1*  anion— cation  contacts 
arise  at  dbtances  of  3.90,  2.98,  and  4.30  A  respectively.  Holes  of  the  second  type  ate  analogously  covered  by 
cations  of  the  upper  and  lower  layers  with  formation  of  the  anion— cation  contacts  indicated  above  and  of  cation- 
cation  contacts:  CH3(I).  ..CH3’(V)  =  3.80  A  ;  Hjfl). .  .CH*3(V)  =  3.23  A  ;  Cid). .  .CHjfV)  =  4.08A.  The  most 
interesting  among  them  are  the  contacts  between  parallel  six-membered  rings  of  cations  m  and  V:  C3. .  .C3 
=  3.54  A  and  C3. .  ,C\  =  3.69  A. 


Fig.  6.  The  xOz  ion  layer  and  holes  in  it. 

The  layers  are  superposed  with  maximum  close  packing,  because  projections  of  one  layer  fit  into  depressioru 
in  another.  This  is  especially  clear  from  Fig.  7,  which  shows  how  the  cavity  between  the  cations  of  a  given  layer 
is  covered  by  two  iodine  atoms  from  the  upper  and  lower  layers.  It  is  very  significant  that  there  are  ako  contacts 
"through  layers,”  namely,  contacts  between  two  cations,  connected  by  aanslation  b,  through  hydrogen- atoms: 
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H...H  =  2.56  A.  These  contacts  create  a  loose  packing  of  alternate  layers,  the  Interlayer  spaces  in  which  are 
filled  by  a  second  similar  sequence  of  translationally  bound  layers. 

The  shortest  interionic  distances  given  in  Table  4  give  the  following  values  for  the  intermolecular  radii 
(tabular  dau  are  given  in  parentheses): 

carbon  1.77  ±0.05  A  (1.80) 

hydrogen  1.19  ±0.09  A  (1.20) 

methyl  group  1.98  ±0.08  A  (2.00) 

iodine  2.03  ±0.15  A  (2.00) 

As  was  shown  for  diphenyl iodonium  borofluoride  [(C6f%)2lJ*[BF4)”  [15],  the  intermolecular  radii  retain  their 
usual  values  in  ionic  structures  with  large  organic  anions.  It  is  therefore  not  surprising  that  the  intermolecular 
radii  have  the  usual  velues  in  the  structure  of  ditoluenechromium  iodide,  although  in  both  these  cases  they  represent 
interionic  and  not  intermolecular  distances. 


TABLE  4 

Shortest  Interionic  Distances  d 


Contacting  atoms 

d.  k 

Conucting  atoms 

d.  A 

Cation— anion 

Cation- 

cation 

H;(I)  ...  I  (VllI) 

2,98 

Cjdll)  ... 

C'3(V) 

3,54 

C;(l)  ...  I  (Vill) 

3,90 

Cjflll)  ... 

c;(V) 

3,69 

CHjflll)  ...I  (VII) 

3,98 

c^oi)  ... 

CII3(1V) 

3,87 

CH,(IV)...I  (IX) 

4,30 

CHjd)  ... 

ch;(V) 

3,80 

Cation— cation 

Hj(I)  ...  H^d) 

2,56 

H4(1I)  ...  ch;(iv) 

2,93 

Hj(l)  ...  CH'fV) 

3,23 

With  the  aid  of  the  intermolecular  radii  it  is  easy  to  calculate  the  volumes  of  the  anion<35  A*)  and  cation 
(220  A*)  and  thus  to  find  the  packing  coefficient,  i.e.,  the  fraction  of  the  crystal  volume  occupied  by  its 
constituent  particles: 
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2  (35  +  22()) 
*  “  654 


0,78. 


Thb  value  of  k  indicates  a  high  packing  density,  and  this  is  reflected  in  the  large  coordination  numbers.  Each 
anion  is  in  contact  with  six  cations  (coordination  number  6),  and  each  cation  is  in  contact  with  six  anions  and  ten 
cations  (coordination  number  16). 

In  continuation  of  our  work  on  the  structure  of  ionic  v -complexes  we  have  also  started  an  Investigation  of 
dicyclopcntadienyltitanium  dichloridc  [(CsHs)^Ti]Cl{.  Space  group  I2/m,  a  =  14.14;  b  =  6.50;  c  =  12.23  A; 

6  =  115*5’. 

The  authors  thank  Professor  A.  I.  Kitaigorodskii  for  his  attention  and  interest,  and  V.  M.  Chibrikin  for  provid 
ing  the  sample  for  investigation. 
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It  is  shown  on  the  basis  of  literature  data  and  our  own  experimental  results  that  magnesium  fluoride  can 
exist  in  at  least  three  polymorphic  forms.  The  form  a-MgF^  crystallizes  in  the  tetragonal  system  with  the 
constants  A  =  9.297;  c  =  6.172 kX;  Z  =  16;  dj(-jay  =  3.103.  The  probable  melting  point  of  this  modification  is 
1400*.  The  formB-MgFa  has  crystal  structure  of  tne  rutile  type  in  the  tetragonal  system  with  constants  a  =  4.621; 
c  =  3.050  A ;  Z  =2;  the  melting  point  is  1255*.  The  crystal  tyf>e  of  the  unstable  a* -modification  was  not 
established.  e  e  e 

Although  it  is  generally  held  in  the  literature  that  magnesium  fluoride  does  not  exhibit  polymorphism, 
certain  data  known  for  a  long  time  cast  doubt  on  this  view. 

First,  there  are  considerable  differences  between  data  given  by  various  authors  on  the  cell  constants  and 
melting  point  of  magnesium  fluoride.  All  authors  assume  that  magnesium  fluoride  has  the  rutile  crystal  structure 
with  space  group  D^^  and  has  two  formula  units  in  the  unit  cell,  Z  =  2.  However,  the  values  given  by  different 
authors  (Table  1)  for  the  constants  of  the  tetragonal  unit  cdll  differ  so  much  that  the  discrepancies  cannot  be 
attributed  to  experimental  error. 

There  are  also  considerable  differences  between  reported  values  of  the  melting  point  of  magnesium  fluoride. 
It  b  interesting  to  note  that  the  data  are  grouped  around  two  values:  1400  and  1250*. 

Such  considerable  dbcrepancies  evidently  can  hardly  be  attributed  to  insufficient  experimental  accuracy. 
The  impression  arbes  that  there  at  least  two  polymorphic  forms  of  magnesium  fluoride,  one  of  which  melts  at 
about  1250*  and  the  other  at  about  1400*. 

The  data  cited  above  on  the  lattice  constants  of  magnesium  fluoride  are  based  almost  exclusively  on  x-ray 
studies  of  single  crystals,  either  of  the  vety  rare  natural  mineral  sellaite  or  of  the  synthetic  substance.  The 
available  literature  data  on  interplanar  spacings  in  magnesium  fluoride  are  really  all  based  on  one  primary  source, 
the  American  X-ray  Diffraction  Catalog  [17],  and  are  reprinted  without  change  in  the  Soviet  literature.  However, 
■although  [17]  contains  two  sets  of  interplanar  spacings  (for  native  sellaite  and  for  the  synthetic  substance),  no 
explanation  b  given  there  for  the  certain  differences  between  the  two  sets  of  values.  Mikheev  [3]  was  the  first  to 
draw  attention  to  these  differences.  He  indexed  the  x-ray  pattern  of  the  synthetic  compounds  in  the  tetragonal 
system  with  lattice  constants  a  =  4.660,  c  =  3.078  A,  while  for  the  x-ray  pattern  of  native  sellaite  he  stated  that 
"some  of  the  lines  are  not  indexed  here.  The  absence  of  the  strong  (310)  line  and  the  higher  intensity  of  the  (111) 
line  are  suspicious.  Thb  b  probably  a  mixture  of  two  substances”  [3].  The  powder  diagrams  of  native  sellaite 
and  the  synthetic  substance  are  compared  in  the  figure.  The  difference  between  them  b  obviously  so  great  that 
they  cannot  possibly  be  regarded  as  x-ray  patterns  of  the  same  phase.  The  interplanar  spacings  are  often  very 
similar,  but  the  corresponding  reflections  differ  very  greatly  in  intensity. 

We  verified  V.  I.  Mikheev's  indexing  of  the  x-ray  patterns  of  the  synthetic  "American”  product  with  the 
aid  of  hb  values  of  the  indices  and  tetragonal  cell  constants.  It  was  found  that  indexing  with  these  cohstants 
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cannot  be  considered  successful.  For  example,  for  the  reflection  of  d  =  1.230  (I  =  7)  the  value  of  l/<^  .  -l/d* 

Cd  Ic  flkCAS 

=  0.0089,  for  d  =  1.123  (I  =  4)  It  Is  0.0101;  for  d  =  0.998  (I  =  10)  It  Is  0.0076,  etc.  On  the  other  hand,  the  x-ray 
pattern  of  native  sellaltc  was  Indexed  quite  successfully  In  the  tetragonal  system  with  the  constants  a  =  4.624; 
c  =  3.060 kX  (Table  3). 

We  undertook  an  x-ray  study  of  magnesium  fluoride  prepared  by  various  methods  In  order  to  confirm  that  It 
exists  In  different  modifications.  However,  In  all  experiments  involving  heating  of  the  sample  above  600t  magnesium 
fluoride  similar  to  native  sellaltc  was  obtained.  It  was  noted  that  the  cell  constants  depended  on  the  previous 
history  and  the  method  of  preparation  of  the  sample.  Thus,  MgF|  obtained  by  repeating  sintering  of  magnesium 


TABLE  1 

Comparison  of  the  Unit  Cell  Constants 
from  Data  of  Different  Authors 


TABLE  2 

Comparison  of  Melting  Points  from 
Date  of  Different  Authors 
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c.A 

Referen 

4,87 

3,30 

in 

4,66 

3,03 

in 

4,64 

3,06 

|2| 

4,660 

3,078 

|3| 

4,621±0,001 

3,050 

in 

•TJ 

• 

• 

n 

Reference 

M.p.,"C 

o 

o 

1 

4} 

1266  (5 

1270 

|H| 

1248  6 

1221 

[121 

1270  7 

1250 

[131 

1264  18 

1400 

;)i 

1225  9 

1396 

1I4 

1255:^3.  14 

1400 

15 

1225  (10 

1350-1400 

(16 

TABLE  3 


Indexing  of  the  X-ray  Pattern  of  Native  Sellaite 


^^tneas  j  j^4 


0,0924  110 
0,1014  ? 

0,1526  101 
0,1993  111 
0,2334  210 
0,2685  ? 

0,3381  211 
0,3718  220 
0,4272  002 
0,4691  310 


+  11.10-* 


0,4843  221 
0,5044  ’ 

0,5266  301 
0,5569  ? 

0,5748  311 
0,6642  212 
0,7496  400 
0,8029  222 
0,8417  330 
0,9036  411 


— 33  10-« 
+  11 


carbonate  with  ammonium  fluoride  gave  a  =  4.636;  c  =  3.064  kX.MgF}  prepared  by  the  method  of  Dergunov  and 
Bergman  [16],  by  heating  of  ammonium  magnesium  fluoride  NH4MgFs  to  800*,  had  a  =  4.607;  c  =  3.046  kX. 
Commercial  magnesium  fluoride  of  "pure  grade"  had  a  =  4.616;  c  =  3.050  kX.  The  magnesium  fluoride  which  we 
prepared  by  fusion  of  the  fluoride  prepared  by  the  Dergunov  and  Bergman  method  Is  very  close  to  it  by  its  constants. 
They  are  a  =  4.616,  c  =  3.052 kX.  Both  these  samples  were  virtually  identical  with  the  magnesium  fluoride 
recrystallized  from  a  melt  by  Duncanson  and  Stefenson  [4]:  a  =  4.621  *  0.001;  c  =  3.050  A.  Evidently  these 
values  (Table  4)  should  be  assigned  to  the  equilibrium  product. 

The  variability  of  the  lattice  constants  of  magnesium  fluoride  can  hardly  be  attributed  to  formation  of 
solid  solutions,  because  no  solid  solutions  could  be  detected  even  when  mixtures  of  magnesium  fluoride  and 
magnesium  oxide  were  fused.  Our  samples  contained  no  other  impurities. 

In  an  attempt  to  prepare  a  sample  identical  with  the  "American”  syndietlc  substance  we  tried  to  prepare 
magnesium  fluoride  under  unstable  conditions.  This  was  done  by  the  interaction  of  a  continuously  cooled  solution 
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of  hydroHuorlc  acid  with  magnesium  oxide.  The  resultant  coarse-grained  precipitate  was  kept  for  24  hours  in 
excess  hydrofluoric  acid  and  dried  in  the  air.  The  x-ray  pattern  of  the  product  differed  from  the  two  given  in  the 
literature.  Drying  at  140-150*  showed  that  the  compound  contained  7.45%  of  volatile  substances.  The  x-ray 
pattern  of  the  substance  did  not  change  as  the  result  of  drying.  This  x-ray  pattern  is  compared  with  literature  data 
in  the  figure  and  in  Table  5. 


TABLE  4 

Indexing  of  the  X-ray  Pattern  of  the  Equilibrium  6 -Modification  of 
MgF* 


Comparison  of  the  x-ray  patterns  of  different  modifications  of  magnesium  fluoride:  1) 
B-MgF,.  native  sellaite;  2)  S -MgPx.  equilibrium  sellaite;  3)  a -MgFt.  synthetic 
'American*  product;  4)  a* -MgFx.  unstable  modification. 


Magnesium  was  determined  by  decomposition  of  the  fluoride  with  sulfuric  acid,  precipitation  of  magnesium 
as  the  hydroxyquinolate,  and  weighing  of  the  precipitate  dried  at  140-15(r ;  it  was  found  that  the  substance 
contained  35.73  ±  0.34%Mg.  which  corresponds  to  91.75%  MgFx.  This  means  that  apart  from  the  volatile 
impurity  the  substance  consisted  almost  entirely  of  magnesium  fluoride.  The  dried  substance  was  therefore  a 
hitherto  unknown  modification  of  magnesium  fluoride.  This  modiHcation  is  unstable,  because  when  heated  to 
9001*  it  is  converted  into  a  stable  modification  analogous  to  sellaite.  This  gave  a  sample  with  the  following 
consunts:  a  =  4.615;  c  =  3.047  kX. 

The  volatile  substance  is,  in  all  probability,  water;  but  adsorbed  water  rather  than  water  of  crystallization. 
The  following  facts  indicate  that  it  is  not  water  of  crystallization:  1)  the  identity  of  the  x-ray  patterns  of  the 
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TABLE  5 

Interplanar  Spacings  and  Line  Intensities  of  Different  MgF|  Modifications 


^yntheUc 
product  a 
data  in  [1 

“American" 

-MgF*(from 

21).. 

Native  sellaite 
fl  -MgFj  (from  data 
in  [17]) 

Unstable  modificaticri 
a'-MgF|  (our  data) 

Equilibrium  sellaite 
fl  -MgF,  (our  data) 
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d.  kX 

1 
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1 
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9 
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1 

K 
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2 
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7 
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9 
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2* 
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8 
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1 

1““ 
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2 
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9 

1,162 

4 
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1 
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4 
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3 
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1 
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7 

2 
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3 

1,226 

7 

5 

1,116 

2 

1,213 

8 

2 

2** 

1,153 

0,998 

3 

1,052 

2 

1.1198 

7 

0,985 

5 

1,1138 

9 

0,976 

3** 

1,0878 

8 

0,929 

4** 

1,0514 

7 

0,917 

1 

1 .0322 

6 

1 

5 

0,891 

8 

7 

0,854 

8 

0,842 

. 

*Very  broad  line. 
•  "Broad  line. 


TABLE  6 

Indexing  of  the  X-ray  Pattern  of  the  a -Modification  of  MgFj 
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-  ^alc”)^^^eas 
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+  14  10-* 

7 
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9 

0,4756 
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7 

1,0307 
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—1 

2 

0,5183 

630  602 

+23  +32 

9 

1,0498 

306  535 

—7  —2 

8 

0,5662 

622 

+16 

8 

1,1587 

804  860 

+  24  —17 

9 

0,6075 

404  443 

—22  —10 

dried  and  original  subsunces;  2)  the  microcrystalline  nature  of  the  product  (the  lines  on  the  x-ray  pattern  are 
very  broad;  3)  Yatsimirskii's  theoretical  calculations  show  that  crystal  hydrates  of  calcium  and  magnesium 
fiuorides  cannot  exist  [18].  After  the  substance  has  been  dried  at  140-150*  it  retains  its  ability  to  adsorb 
atmospheric  moisture. 
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The  x-ray  pattern  of  the  "American*  synthetic  product  (the  preparation  of  which  could  not  be  reproduced 
In  any  of  our  experiments)  could  also  be  indexed  in  the  tetragonal  system  (Table  6),  but  with  doubled  constants: 

«  =  9.927  (=  4.648  X  2) ;  c  =  6.172  (  =  3.086  X  2)  kX ;  d^eas  =  (3);  hence  Z  =  16.04  --lO,  d^-jay  =  3.103. 

This  explains  why  the  intcrplanar  spacings  of  this  modification  and  native  sellaite  are  similar  while  the  reflection 
intensities  are  sharply  different. 

Since  the  melting  point  of  the  modification  identical  with  sellaite  can  be  regarded  as  reliably  established 
[4]  at  1255  i  3*.  it  follows  that  the  other  tetragonal  modification  melts  at  1400*.  Accordingly,  we  propose  that 
the  modification  with  a  =  9.297;  c  =  6.172  kX  should  be  designated  as  a*MgF|,  the  modification  with  a  =  4.621 
i  0.001;  c  =  3.050  ±  0.001  A  asS'MgFt,  unstable  modification  as  a'*MgFt. 
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A  series  of  rhombohedral  mixed  calcium— magnesium  carbonates,  containing  from  17  to  50  molar  %MgC03, 
which  do  not  change  during  prolonged  keeping  or  when  heated  to  300*,  was  prepared  by  precipitation  from  solutions 
at  temperatures  below  100*  under  atmospheric  pressure.  The  dimensions  of  the  unit  cells  of  the  artificial  mixed 
carbonates  vary  smoothly  with  the  composition. 

The  x-ray  patterns  of  the  mixed  carbonates  do  not  offer  any  grounds  for  assigning  them  to  the  interlayer 
type  of  structure.  Their  crystal  lattices  must  conform  to  the  type  of  substitutional  solid  solutions.  The  ratio  of 
the  unit  cell  constants  c/a  for  dolomite  is  less  than  the  corresponding  value  for  a  disordered  mixed  carbonate  of 
the  same  composition  as  dolomite. 

*  ♦  ♦ 

Because  of  the  considerable  difference  between  the  radii  of  the  calcium  and  magnesium  ions  (1.04  and 
0.74A)it  is  to  be  expected  that  the  possibilities  for  formation  of  isomorphous  mixtures  of  their  compounds,  including’ 
carbonates,  are  limited  [1,  2].  In  fact,  until  recently  neither  any  native  nor  any  artificial  carbonates  of  calcium 
and  magnesium  with  considerable  mutual  isomorphous  substitution  were  reliably  known. 

More  recently,  extensive  use  of  x-ray  diffraction  methods  made  it  possible  to  establish  the  existence  of 
natural  biogenic  limestones  containing  at  least  up  to  20  molar  ^MgCO)  in  the  form  of  substitutional  solid 
solutions  [3,  4].  It  was  claimed  that  such  Isomorphous  mixtures  cannot  be  made  by  chemical  precipitation  and 
that  they  are  unstable  under  the  conditions  of  the  earth’s  surface  [3].  This  is  confirmed  by  experimental 
investigations  [5,  6]  in  which  it  was  shown  that  at  900*  and  high  CO]  pressure  (sufficient  to  prevent  dissociation 
of  carbonates)  calcite  containing  about  25%MgCOs  is  in  equilibrium  with  dolomite,  whereas  the  corresponding 
equilibrium  value  at  500*  is  only  5‘7oMgCOj  in  calcite.  In  other  experiments  certain  rhombohedral  mixed 
carbonates,  named  "proiodolomite"  by  the  authors,  were  artificially  prepared  from  various  mixtures  of  native 
and  artificial  calcium— magnesium  carbonates;  their  composition  was  more  or  less  close  to  that  of  dolomite,  but 
always  with  an  excess  of  CaCOj  over  the  ideal  content  [7].  In  most  cases  their  MgCOj  content  varied  from  40 
to  50  molar  %,  and  in  only  two  cases  did  it  fall  to  36  and  33  molar  The  authors  [7]  oppose  the  assignment 
of  these  substances  to  the  CaCO|— MgCO]  isomorphous  series,  and  regard  them  as  analogs  of  dolomite,  imperfect 
with  regard  to  structural  order* . 

However,  the  literature  does  not  contain  any  references  to  the  possible  preparation  of  isomorphous  mixtures 
of  calcium  and  magnesium  carbonates  by  direct  chemical  precipitation.  The  assertion  by  some  authors  (see 
above)  that  this  is  impossible  in  principle  is  unjustified.  On  the  contrary,  our  data  on  the  formation  of  artificial 

*The  crystal  structure  of  dolomite  is  characterized  by  the  presence  of  and  M^  Ions  in  separate  and  regularly 
alternating  plane  networks.  Therefore  the  composition  of  dolomite  is  always  close  to  CaCOj  ‘MgCOj.  In  iso¬ 
morphous  mixtures  all  the  cation  positions  are  equivalent,  since  the  cations  replace  each  other  statistically. 
According  to  Goldsmith  [7],  there  is  some  degree  of  order  in  the  mutual  arrangement  of  the  cations  in  "proto- 
dolomite,”  in  contrast  to  isomorphous  mixtures.  In  one  of  the  possible  structure  models  this  order  consists  of 
partial  enrichment  of  individual  cation  layers  with  calcium  or  magnesium:  these  planes  do  not  alternate  in  a 
simple  Ca— Mg— Ca— Mg  sequence. 
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Fig.  1.  Powder  diagrams  of  carbonates  (Fe  radiation,  Mn  filter);  a)  Native  calcite;  b  and  c) 
artificial  mixed  carbonates  of  the  CaCOs-MgCOj  series,  containing  24.2  and  44  molar  %MgC03 
respectively;  d)  native  dolomite. 


mixed  carbonates  in  the  series  CaC03“MnC0j  [8],  CaC0-FeC03,  and  MgC03“MnC03  [9]  suggested  that  under 
certain  conditions,  it  is  possible  to  prepare  mixed  calcium~ magnesium  carbonates,  at  least  in  a  certain  range  of 
concentrations. 

We  precipitated  the  mixed  carbonates  by  slow  addition  of  a  mixture  of  calcium  and  magnesium  chloride 
solutions  to  a  mixture  of  sodium  carbonate  and  bicarbonate  solutions  with  continuous  stining.  In  the  same  way  as 
was  found  in  the  preparation  of  mixed  magnesium  and  manganese  carbonates  [9],  the  phase  composition  of  the 
magnesium-containing  precipitates  is  fairly  complex  and  depends  on  the  composition  of  the  original  mixture,  the 
temperature,  and  the  dilution  of  the  solutions.  At  high  magnesium  concentrations  basic  magnesium  carbonate 
and  at  low  magnesium  concentrations  aragonite  is  precipitated  together  with  the  mixed  rhombohedral  carbonate ; 
rise  of  temperature. favors  aragonite  formation.  At  high  concentrations  of  the  original  solutions  and  definite 
proportions  of  the  components  two  carbonate  phases  of  the  same  crystal  structure  (calcite  type)  but  with  different 
(and  variable)  Ca:  Mg  ratio  are  precipitated  instead  of  the  one  mixed  carbonate. 

Our  task  did  not  include  a  detailed  investigation  of  the  influence  of  the  precipitation  conditions  on  the  phase 
composition  of  the  precipitates,  but  it  was  necessary  to  find  in  which  single-phase  mixed  carbonates  should  be 
precipitated  as  far  as  possible.  These  conditions  were  found  empirically.  In  most  of  the  experiments  the  original 
mixtures  of  molar  CaClx  and  MgCls  solutions  (in  the  required  proportions)  were  used  in  six-fold  dilution,  and 
mixtures  (1:  1)  of  molar  Na2C03  and  NaHC03  solutions  were  used  in  two-fold  dilution;  the  temperature  of  the 
mixture  during  precipitation  was  50  ±  3*  (some  samples  were  prepared  under  somewhat  different  conditions). 
Absence  of  extraneous  lines  in  the  x-ray  patterns  of  the  mixed  patterns  was  the  criterion  of  a  one -phase  character. 
This  is  obviously  a  rough  criterion,  but  because  of  the  high  degree  of  dispersion  of  the  precipitates  another  and 
more  reliable  criterion  was  difficult  to  find.  It  is  therefore  possible  that  our  mixed  carbonates  contained  up  to 
several  percent  of  other  phases  as  impurities. 

The  precipitates  prepared  as  described  were  washed  with  distilled  water  and  alcohol,  Hltered  off  with  the 
aid  of  a  water-jet  pump,  heated  gently  (25(r)  and  investigated  by  chemical  and  x-ray  methods.  The  results  of 
chemical  analysis  showed  that  they  always  contained  somewhat  less  magnesium  than  the  original  mixtures, 
because  of  the  considerable  solubility  of  magnesium  carbonate. 

The  x-ray  panems  were  obtained  with  iron  radiation  in  cameras  143.15  mm  in  diameter,  with  NaCl  as  the 
internal  sundard.  All  the  x-ray  patterns  conespond  to  the  calcite  type  of  structure.  The  lines  on  the  x-ray 
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TABLE  1 

Interplanar  Spacings  of  an  Artificial  Mixed  Carbonate  Containing  24.2  tnolar^MgCO| 


Line 

No. 

■ 

■B 

(*A) 

hhil 

Line 

No. 

■ 

(»X) 

hkil 

calc. 

meas. 

calc. 

1 

1 

3,779 

3,768 

1012 

8 

5 

1,831 

1,830 

1126 

2 

10 

2,900 

2,960 

1014 

9 

I 

1,593 

1,592 

2131 

3 

4 

2,442 

2,443 

11» 

10 

3 

1,572 

1,570 

2132 

4 

6 

2,233 

2,234 

1123 

11 

3 

1,491 

1,492 

21^ 

5 

6 

2,Of.O 

2,050 

2022 

12 

4 

1,411 

1,410 

3030 

6 

.  1 

1,884 

1,884 

2024 

13 

1 

1,3815 

1,381 

000.12 

7  . 

4 

1,860 

1,860 

10T8 

14 

3 

1,129 

1,129 

3144 

pattern  are  broader  than  for  individnal  carbonates,  and  are  very  much  weaker  in  the  region  of  large  angles* 

(Fig.  1),  but  they  can  be  used  for  calculation  of  the  unit  cell  constants  with  sufficient  accuracy.  For  this  calcu¬ 
lation  we  used  values  of  d^n^  of  all  the  sufficiently  distinct  lines  (except  1012),  which  were  either  paired  in  order 
to  obtain  systems  of  equations  with  two  unknowns,  or  analyzed  by  the  method  of  least  squares. 

Table  1  contains  experimental  and  calculated  values  of  interplanar  spacings  d^^  for  one  of  the  mixed 
carbonates.  Table  2  and  Fig.  2  show  that  mixed  carbonates  of  almost  any  composition  in  the  range  from  17  to  45 
molar ‘^MgCO)  can  be  prepared  by  the  method  described;  the  cell  constants  of  the  carbonates  vary  regularly  with 
the  composition.  It  is  possible  that  the  quantitative  relations  between  the  structure  parameters  and  composition  are 
only  approximately  represented  by  the  data  and  graph  because,  as  already  stated,  there  is  some  doubt  about  the 
one-phase  character  of  the  carbonates  studied.  However,  the  smoothness  of  the  parameter— composition  curves  in 
the  range  of  17  to  45  molar^y^MgCO)  indicates  that  the  specimens  are  fairly  homogeneous,  if  it  is  remembered 
that  the  preparation  conditions  were  not  quite  the  same  with  respect  to  temperature  and  dilution,  and  therefore 
the  nature  and  the  amount  of  extraneous  phases  should  differ  for  different  specimens  and  should  have  different 
effects  on  the  quantities  measured.  The  sharp  break  at  about  45  molar ^oMgCOj  is  evidently  caused  by  the 
appearance  of  an  admixture  of  basic  carbonate,  the  amount  of  which  increases  with  the  magnesium  content. 

TABLE  2 

Constants  of  the  Hexagonal  Unit  Cell  in  Artificial  Mixed  Carbonates  of  the  CaCOj— MgCOi 

Series 


Molar ‘^MgCOj* 

17.1 

21.4 

24.2 

26,7 

32.0 

34,0 

3J.5 

44.0 

&3.0 

1  M.l* 

a(kX) 

4,91, 

4.90, 

4.88, 

4,87, 

4,86o 

4,8-'i, 

4.83, 

4.81, 

4.80, 

4,80, 

c(kX)  . 

16,75 

16,65, 

16,57 

16,50 

16,41 

16,35 

16,24 

16,15 

16,14 

16,10 

eta 

3,40, 

3,39, 

3,39s 

3,38, 

3.37, 

3.37, 

3,36c 

3.35, 

3,35, 

3,34, 

^Relative  to  CaCOj  +  MgCOs. 


*  Preliminary  calculations  show  that  broadening  of  the  lines  is  due  mainly  to  the  considerable  degree  of  dispenion 
of  the  precipitated  mixed  carbonates  (crystallites  less  than  0.1  n  in  size).  As  for  the  weakening  of  the  lines  with 
increase  of  the  glide  angle  (with  simultaneous  intensification  of  the  background),  this  often  occurs  to  varying 
degrees  in  x-ray  patterns  of  mixed  crystals  owinft  to  lattice  deformations  caused  by  the  presence  of  substituting 
particles  of  different  sizes. 
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Fig.  2.  Variations  of  the  unit  cell  constants 
of  artificial  mixed  calcium  and  magnesium 
carbonates  with  composition.  Blackened 
points  represent  native  dolomite. 


i,70  4/0  4/0  S,00 

m,kJ( 


Fig.  3.  Values  of  c  and  c/a  in  relation 
to£.  A  and  □)  Precipitated  mixed 
carbonates:  A  and  ■)  high-temperature 
mixed  carbonates;  A  and  B)  (not  on  the 
curves)—  native  dolomite. 


We  did  not  succeed  in  preparing  one-phase  mixed  carbonates  with  lower  values  of  the  constants  a  and  c, 
corresponding  to  higher  magnesium  contents.  Data  for  one  carbonate  with  lower  values  of  the  constants  (cor¬ 
responding  to  —  50  molar  %  MgCOs)  from  a  two-phase  precipitate  are  shown  in  Fig.  3. 

As  already  stated,  this  extensive  isomorphism  of  calcium  and  magnesium  carbonates  at  low  temperatures 
is  to  some  degree  at  variance  with  the  Goldschmidt  rule,  which  c  xrelates  the  tendency  of  ions  to  mutual  iso- 
morphous  substitution  with  the  difference  between  their  radii  [1,  2].  The  formal  application  of  this  rule  has 
repeatedly  given  rise  to  justified  objections  [10].  It  is  evident,  however,  that  the  relationship  established  by  this 
rule  must  hold  in  one  form  or  another,  because  mutual  replacement  of  ions  in  a  sufficiently  close-packed  crystal 
lattice  must  have  limits  determined  by  purely  geometrical  considerations  [11].  Existing  experimental  data 
indicate  [2]  that  with  such  a  large  difference  between  the  ionic  radii  as  exists  in  the  case  of  calcium  and  magnesium 
(40^  of  the  radius  of  the  smaller  ion)  isomorphism  does  not  occur  extensively  in  the  region  of  relatively  low  tem¬ 
peratures.  Investigations  of  native  and  high -temperature  artificial  carbonates  [3-6]  also  show  that  thermo¬ 
dynamically  stable  substances  of  the  composition  of  our  mixed  carbonates  cannot  exist  in  the  system  under 
consideration.  Therefore  they  must  be  regarded  as  being  thermodynamically  unstable,  although  they  are 
relatively  stable,  because  they  do  not  change  when  heated  (for  up  to  40  hours  at  250-300*). 

Earlier  we  referred  to  the  hypothesis  of  the  partially  ordered  character  of  the  so-called  "protodolomites* 

[7],  the  x-ray  patterns  of  which  are  in  general  very  reminiscent  of  the  x-ray  patterns  of  our  mixed  dolomites, 
although  they  Were  prepared  under  entirely  different  conditions,  and  the  composition  range  of  our  mixed  dolomites 
was  much  wider.  With  reliable  experimental  verification,  the  hypothesis  of  partially  ordered  interlayered 
carbonate  suuctures  might  account  for  the  existence  of  mixed  carbonates  differing  in  composition,  since  such  a 
model  is  free  from  the  limitations  associated  with  mutual  replacement  of  ions  of  very  different  diameters  in  the 
lattice.  However,  we  were  unable  to  detect  any  reliable  signs  of  partial  structural  order  in  our  x-ray  patterns. 

No  superstructure  diffraction  lines  of  dolomite  are  to  be  found  in  any  of  the  patterns.  The  lines  with  indices 
0006  and  000.12  (from  planes  parallel  to  the  carbonate  groups)  are  very  weak  in  the  x-ray  patterns  of  our  mixed 
carbonates,  as  in  the  x-ray  patterns  of  the  "protodolomites;  *  nevertheless  in  our  case  it  proved  possible  to  calcu¬ 
late  doooji  for  most  of  the  specimens,  and  also  doooe  for  some,  and  the  values  of  d  found  correspond  to  the  values 
of  c  calculated  from  other  lines  in  the  pattern.  We  could  not  detect  either  displacement  of  twinning  of  these 
diffraction  lines  (which  might  indicate  interlayering  of  nonequivalent  cation  layers). 

Thus,  the  hypothesis  of  the  formation  of  interlayered  carbonate  structures  was  not  verified  experimentally. 

Our  mixed  carbonates  apparently  have  the  usual  disordered  structure  of  substitutional  mixed  crystals.  Because 
of  the  large  difference  between  the  sizes  of  the  substituting  ions  the  deformatioru  arising  in  the  crystal  lattice  are 
sufficient  to  make  it  thermodynamically  unstable.  Nevertheless,  as  already  stated,  it  is  fairly  stable. 
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It  Is  of  interest  to  compare  the  geometry  of  the  unit  cell  of  doiomitc  and  of  the  unit  cells  of  mixed  calcium 
magnesium  carbonates  close  to  doiomitc  in  composition  (Figs.  2  and  3).  As  already  stated,  our  one-phase  mixed 
carbonates  contained  not  more  than  45  molar'^MgCOi.  Linear  extrapolation  from  45  to  50^,  which  is  Justifiable 
because  the  curves  are  almost  linear,  shows  that  the  constant  £  of  doiomitc  is  somewhat  greater  and  c  b  somewhat 
iess  than  the  corresponding  values  for  the  mixed  carbonate  of  dolomite  composition.  The  decrease  in  c/a  for 
dolomite,  which  is  as  much  as  0,012,  is  even  more  pronounced;  this  value  is  two  to  three  times  the  error  in  deter¬ 
mination  of  c/a  for  the  mixed  carbonate  (the  value  of  c/a  for  dolomite  has  been  determined  with  great  accuracy 
[12].  In  Fig.  3  values  of  c  and  c/a  are  plotted  against  a,  which  is  evidently  not  influenced  by  possible  errors  In 
determinations  of  the  carbonate  composition  (see  above).  This  graph  includes  data  not  only  for  chemically 
analyzed  one-phase  specimens  but  also  for  certain  carbonates  contained  in  two-phase  precipitates,  and  certain 
literature  data  for  high -temperature  artificial  magnesial  calcites  [12].  The  points  for  all  these  carbonates,  regard 
less  of  origin,  lie  on  the  same  curves,  whereas  the  corresponding  values  for  dolomite  lie  considerably  lower. 

Figure  3  shows  that  the  mixed  carbonates  might  have  the  same  values  of  c/a  as  dolomite  only  with  much  lower 
absolute  values  of  £  and  c  than  for  dolomite,  i.e.,  with  a  considerably  smaller  (at  least  by  1*7>)  volume  of  the  unit 
cell,  and  therefore  with  a  higher  magnesium  content  than  is  present  in  dolomite.  Thus,  the  transition  from  a 
disordered  structure  of  a  mixed  carbonate  to  the  ordered  dolomite  structure  (without  change  in  composition)  must 
be  accompanied  by  a  decrease  of  c/a  or,  which  is  the  same  thing,  by  increase  of  the  rhombohedral  angle  a. 
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The  infrared  spectra  of  glasses  in  the  NajO— SiOj  system,  melted  in  quartz  pots  of  large  capacity,  were 
studied  at  different  stages  in  the  conversion  process:  batch  melt  glass  crystal.  It  was  shown  that  the 
microstructures  of  the  melts  and  glasses  are  heterogeneous.  They  include  regions  of  high  silica  content,  regions 
of  high  NajO  content,  and  intermediate  regions.  When  these  glasses  are  subjected  to  heat  treatments  at  temper¬ 
atures  above  the  critical  region  two  main  processes  occur  in  them:  chemical  reaction  between  components  rich 
in  silica  and  components  rich  in  sodium,  with  formation  of  a  new  chemical  compound  giving  a  spectrum  differing 
from  that  of  the  original  glass,  and  formation  of  a  crystalline  structure.  Two  cases  are  possible:  1)  The  rate  of 
chemical  reaction  is  higher  than  the  rate  of  crystal  structure  formation,  so  that  the  new  chemical  compounds  is 
formed  still  in  the  glassy  state  and  is  the  first  phase  to  be  deposited  in  crystallization;  2)  The  crystallization  rate 
is  higher  than  the  rate  of  chemical  reaction;  as  a  result  of  this  the  crystals  deposited  during  crystallization  are 
those  which  existed  in  rudimentary  form  (crystallites)  in  the  original  glass  (or  the  crystallites  were  formed  in  the 
heated  glass  as  the  result  of  only  partial  rearrangement  of  the  original  atomic  groupings).  Here  the  reaction 
between  the  silica -rich  and  the  sodium -rich  components  occurs  in  the  crystalline  (i.e.,  solid)  phase,  with  the 
formation  of  the  same  compound  as  in  the  first  case. 

*  *  * 

INTRODUCTION 

The  structure  of  glass  can  best  be  understood  by  means  of  consecutive  studies  of  the  whole  conversion  process: 
batch  -*mclt  -*glass  -*crystal.  On  this  basis  we  carried  out  a  systematic  study  of  the  infrared  spectra  of  glasses  in 
the  Na20— Si02  system  at  various  stages,  from  the  appearance  of  the  first  traces  of  melt  in  the  batch  to  total 
crystallization  of  the  final  glass.  For  this  purpose  glasses  of  various  compositions  in  this  system  were  melted  under 
normal  conditions  in  quartz  pots  100,  SO,  22,  and  5  liters  in  capacity.  During  the  melting  samples  were  taken 
every  30-40  minutes  by  means  of  a  sampling  tube  about  6  cc  in  volume  and  chilled  sharply  in  air.  At  the  same 
time  thin  filnu,  exhibiting  interference  colors,  were  blown  from  the  same  melts.  For  studies  of  the  crystallization 
process  a  large  batch  of  disks  optically  polbhed  on  each  side  were  made  from  homogeneous  lumps  of  pot  glass, 
free  from  cords.  These  disks  were  subjected  to  prolonged  heat  treatment  in  furnaces  with  uniform  temperature. 
Some  of  the  results  obtained  in  studies  of  the  spectra  of  these  glasses  are  presented  in  this  communication. 

The  Structure  of  Sodium  Silicate  Glasses 

'  As  has  been  reported  earlier  in  a  number  of  publications  [1*’28],  the  infrared  spectra  of  silica  and  all 
silicates  have  a  number  of  bands  in  the  8-30p  region,  corresponding  to  fundamental  vibrations  of  silicon  and 
oxygen  atoms  in  the  lattices  of  these  substances.  Despite  the  great  diversity  of  these  spectra,  they  all  have  a 
common  feature,  characteristic  of  a  silicon  compound:  all  the  spectra  without  exception  have  sharp  selective- 
reflection  bands  at  about  10  p  and  20  p  ,  at  the  maxima  of  which  the  reflection  coefficient  of  the  crystalline 
substances  reaches  approximately  65-85%.  As  was  shown  in  (14,  17,  18,  24,  26  ,  27,  28]  and  in  our  preceding 
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comniunication  (29J,  the  position  and  structure  of  the  first  of  these  strongest  selective-reflection  bands  of  silica 
and  crystalline  silicates  arc  determined  to  a  considerable  extent  by  the  crystal  structure,  i.e.,  by  the  degree  of 
bonding  of  the  Si04  tetrahedrons  in  the  silicon— oxygen  framework  of  the  crystal,  the  manner  in  which  they  are 
joined,  the  nature  of  the  cations,  and  the  distribution  of  the  latter  within  the  silicon- oxygen  framework.  As  we 
pass  from  island  structures  to  chains,  sheets,  and  frameworks,  i.e.,  as  the  degree  of  tetrahedron  bonding 
increases,  the  band  with  the  highest  selective  reflection  shifts  into  the  short-wave  direction  [18].  Its  limiting 
long-wave  position  at  about  11-11.3  p  [18,  24,  27]  is  found  for  ortho-silicates  with  heavy  cations,  and  the 
limiting  short-wave  position  at  about  8. 7-9. 2  p  is  found  for  silica.  No  regularity  has  been  detected  in  the  shifts 
of  the  second  strong  selective-reflection  band  at  20p .  The  same  selective-reflection  bands  at  approximately  10  p 
and  20  p  are  found  in  the  reflection  spectra  of  silicate  glasses,  but  they  are  sometimes  diffuse  and  the  reflection 
coefficient  at  the  maxima  are  always  considerably  lower  than  for  crystalline  silicates.  Since  the  bands  in  the  infra¬ 
red  spectra  of  crystalline  silicates  and  glasses  are  due  to  the  same  causes,  it  follows  that  systematic  observations 
of  the  position  and  structure  of  the  first  strong  reflection  band  in  the  spectra  of  glasses  can  provide  certain 
information  about  the  structure  of  these  glasses.  Other  bands  in  the  reflection  spectra  of  glasses  in  the  region  up 
to  IS  p  are  unsuitable  for  this  purp>ose  because  of  their  negligible  intensities. 

We  now  consider  the  spectra  of  the  glasses.  Investigations  of  the  reflection  and  transmission  spectra  of  the 
glasses  in  the  1-15  p  region  shows  that  their  structure  is  heterogeneous. 

Figure  1  shows  the  reflection  spectra  of  the  same  glass,  corresponding  to  sodium  disilicate  in  composition 
(melting  No.  1000)  at  different  stages  of  its  existence.  The  measurement  technique  is  described  in  an  earlier 
communication  [14].  Curves  1-5  represent,  respectively,  the  reflection  spectra  of  the  original  glass  and  the  crust 
layers  of  specimens  heated  at  620*  for  1,  144,  576,  and  1166  hours;  curve  6  represents  the  spectrum  of  the  sub¬ 
surface  part  of  a  specimen  crystallized  at  800*,  i.e.,  near  the  liquidus  temperature.  Curves  3-6  all  refer  to 
completely  crystallized  glasses,  while  curve  2  represents  intact  glass. 

If  we  assume  that  the  Zachariasen  hypothesis  is  valid,  i.e.,  that  the  Si04  tetrahedrons  are  distributed 
entirely  at  random  in  glass  and  the  distribution  of  the  sodium  ions  is  purely  statistical,  then  in  view  of  the  random 
character  of  the  structure  we  should  have,  in  the  region  of  the  first  strong  reflection  band,  a  range  of  all  possible 
frequencies  from  11.3  to  9  p  (i.e.,  from  the  frequencies  of  isolated  tetrahedrons  to  the  frequencies  characteristic 
of  a  framework),  distributed  in  some  manner  about  a  mean  position  corresponding  to  the  most  probable  frequency. 
The  spectrum  in  this  region  should  consist  of  a  curve  with  one  broad  maximum,  the  position  of  which  should  be 
shifted  somewhat  to  the  long-wave  side  of  the  strongest  selective-reflection  maximum  of  the  corresponding 
crystalline  silicate.  In  reality  the  reflection  spectra  of  alkali  two-component  glasses  are  very  often  on  the  form 
shown  in  Fig.  1.  Two  bands  appear  in  the  region  which  can  contain  only  the  first  strong  selective-reflection  band, 
as  is  the  case  with  crystalline  sodium  silicates.  For  example,  comparison  of  curves  6  and  1  (Fig.  1)  shows  that  in 
the  9. 6-9. 8  p  region,  which  contains  the  reflection  maximum  of  sodium  disilicate,  the  spectrum  of  glass  has  a 
reflection  minimum,  but  there  are  instead  strong  bands  of  approximately  equal  intensity,  shifted  considerably  in 
opposite  directions  from  the  band  for  the  chemical  compound.  This  form  of  the  spectrum  radically  contradicts 
the  Zachariasen  hypothesis  and  indicates  strong  differentiation  of  bonds  due  to  structural  heterogeneity.  Glass 
contains  at  least  two  types  of  atomic  groupings:  groups  with  a  very  high  degree  of  tetrahedron  bonding  (band  at 
9.1-9. 2  p  ),  approaching  that  of  high-temperatilre  cristobalite ;  and  groups  with  a  low  degree  of  bonding  (band 
at  10.5-10.6  p  ):  this  means  that  sodium  disilicate  is  considerably  dissociated  in  this  glass.  In  the  first  rough 
approximation  the  structure  of  this  glass  can  be  regarded  as  consisting  of  regions  with  a  high  silica  content  (high- 
silica  silicates  of  possibly  pure  silica)  and  regions  of  high  sodium  content.  In  reality,  the  glass  may  contain 
many  other  atomic  groupings  of  an  intermediate  type,*  including  crystallites  of  sodium  disilicate,  but  these  two 
types  of  groupings  are  predominant  in  this  instance.  Workers  who  suppon  the  Zachariasen  hypothesis  attempt  to 
attribute  the  existence  of  doublets  in  the  spectra  of  sodium  silicate  glasses  to  the  effects  of  two  types  of  linkages. 
Si— O— Si  and  Si— O—Na,  which  give  rise  to  bands  at  9. 1-9.2  p  and  10.5-10.6  p  respectively.  This  explanation 
cannot  be  accepted  as  valid,  because  the  structures  of  crystalline  silicates,  including  sodium  disilicate,  also 
contain  Si— O— Si  and  Si— O—Na  linkages  but,  as  is  clear  from  the  preceding  communication [27]  crystallized 
glasses  of  this  composition  may  give  three  different  types  of  spectrum,  none  of  which  ruembles  the  spectrum  of 
the  glass  in  question.  Therefore,  as  has  already  been  emphasized,  the  cause  determining  the  form  of  the  spectrum 


*In  other  words,  curve  1  may  be  regarded  as  the  result  of  superposition  of  the  specaa  of  a  number  of  atomic 
groupings  with  various  structures,  two  of  which  are  predominant- 
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Fig.  1.  ReHecdon  spectra  of  glasses  containing  33.3^  NatO  and  66.7^  SiO},  melting 
No.  1000:  1)  Original  glass;  2)  crust  layer  of  intact  glass,  heated  at  620*  for  1  hour; 
3-S)  same,  crystallized  specimens  heated  for  different  times  at  620* ;  6)  subsurface 
portion  of  specimen  crysullized  at  800*. 


174 


lies  not  merely  in  the  presence  of  some  sort  of  abstract  Si— 0~Si  and  Si— O-Na  linkages,  but  in  the  crystal 
structure  in  which  such  bonding  occun.  Crystallized  glasses  of  the  composition  of  sodium  silicate,  or  close  to  it, 
may  give  spectra  similar  to  curve  1  (Fig.  1).  However,  this  occurs  only  in  the  case  of  a  mixture  of  silica  (or  a 
high-silica  silicate)  with  a  heavy  sodium  silicate.  Spectra  of  this  type  were  studied  by  us  earlier. 

Two  processes  must  take  place  in  order  that  sodium  disilicate  should  crystallize  from  a  glass  giving  a 
spectrum  analogous  to  curve  1  (Fig.  1):  1)  reaction  between  components  rich  in  silica  and  components  rich  in 
sodium:  2)  formation  of  a  crystal  structure.  These  two  processes  may  be  separated  in  time.  Two  cases  are 
possible. 

1.  The  crystallization  rate  of  the  glass  is  greater  than  the  rate  of  the  chemical  reaction  which  is  effected 
by  diffusion  of  sodium  ions  from  regions  of  high  sodium  content  to  regions  poor  in  sodium.  In  this  case  crystalli¬ 
zation  commences  with  deposition  of  crystals  the  rudimentary  structure  of  which  (crystallites)  already  existed  in 
the  original  glass  (or  arose  in  the  heated  glass  as  the  result  of  only  partial  rearrangement  of  the  atomic  groupings 
in  the  original  glass),  and  the  reaction  in  which  sodium  disilicate  is  formed  occurs  in  the  solid  crystalline  phase. 

This  b  the  case  represented  in  Fig.  1.  After  1  hour  of  heat  treatment  the  first  band  at  9.10-9.15  p  retains 
its  original  position,  while  the  second  band  at  10.55-10.60  p  is  shifted  somewhat  toward  the  first;  i.e..  the  atomic 
groupings  which  give  rise  to  the  second  hand  in  the  spectrum  are  partially  rearranged.  After  144  hours  of  heat 
treatment  a  considerable  amount  of  cristobalite  crystallizes  out  (maxima  at  8.30  p  ,  9.15-9.20  p  and  12.6-12.7  p  ) 
in  a  form  differing  from  low -temperature  a -cristobalite ;  moreover,  the  crystallization  product  contains  a  silicate 
of  high  sodium  content,  with  a  principal  reflection  maximum  (10.3p  )  close  to  those  of  sodium  metasilicate 
(10.20-10.25  p  )  and  orthosilicate  (10.3  p  ),  and  some  other  unstable  silicate  (maximum  at  9.90  p  ).  formed  as  the 
result  of  a  partial  reaction  between  silica  and  heavy  sodium  silicate.  The  reaction  proceeds  further  during 
subsequent  heat  treatment.  After  576  hours  the  amount  of  silica  in  the  crystallized  glass  decreases  sharply,  the 
amount  of  heavy  silicate  also  decreases,  and  the  intermediate  silicate  disappears.  This  gives  rise  to  a  new 
silicate  with  a  reflection  maximum  at  9.80  p .  This  ako  undergoes  gradual  rearrangement  into  a  silicate  similar 
to  the  one  which  crystallized  out  at  800*;  however,  this  process  is  not  completed  even  in  1166  hours  of  heat  treat¬ 
ment.  Even  longer  would  be  required  for  its  completion  at  620*. 

2.  The  crystallization  rate  of  the  glass  is  less  than  or  equal  to  the  rate  of  chemical  reaction  between 
silica-rich  and  sodium-rich  components.  In  this  case  the  new  chemical  compound  begins  to  be  formed  in  the 
glassy  state  and  is  the  first  phase  to  be  deposited  in  crystallization.  This  course  of  crystallization  of  a  glass 
corresponding  to  sodium  disilicate  in  composition  is  represented  in  Figs.  2a  and  2b.  Curve  1  in  Fig.  2a  corresponds 
to  a  specimen  of  the  original  glass  made  in  a  100-liter  pot  while  all  the  other  curves  in  both  figures  refer  to  crust 
layers  of  specimens  heated  at  620*  for  1  to  3400  hours.  After  one  hour  of  heat  treatment  the  specimen  was 
essentially  glassy,  after  3  hours  of  treatment  the  first  crystalline  haze  appeared  on  its  surface,  and  all  the  other 
specimens  were  completely  crystallized.  Figure  2,c  shows  transmission  spectra  of  two  batches  of  films  blown 
from  the  glass  melts.  The  first  batch  of  films  (curves  1  and  2)  was  blown  at  1450*  before  the  glass  was  stirred, 
and  the  second  batch  was  blown  ar  1080*,  before  the  pot  was  taken  out  of  the  furnace.  All  the  transmission 
determinations  vere  performed  with  a  Beckmann  spectrophotometer. 

Curve  1  (Fig.  2a)  shows  that,  as  in  the  preceding  case,  the  structure  of  the  glass  is  heterogeneous  and,  in 
accordance  with  Fig.  2,c,  this  heterogeneity  arises  in  the  melt  stage.  During  heat  treatment  of  the  glass  a  chemical 
reaction  begins  between  the  silica -rich  and  the  sodium -rich  components.  Because  of  this  after  1  hour  of  treat¬ 
ment  the  two  bands  approach  each  other  and  are  displaced  toward  the  9.8  p  region,  where  the  spectrum  of  the 
original  glass  had  a  reflection  minimum  *;  in  the  spectrum  of  heated  glass  the  reflection  coefficient  begins  to 
increase.  On  further  treatment  the  first  phase  deposited  is  laminar  sodium  disilicate,  which  gives  a  selective- 
reflection  maximum  at  9.80  p. 

Figures  3a  and  3b  represent  two  different  cases  of  crystallization  of  glass  of  the  same  melting,  containing 
30^  NajO.  Curves  1  in  both  figures  represent  the  reflection  spectra  of  the  original  glass,  melted  in  a  100-liter 

*If  some  sodium  ions  begin  to  leave  the  regions  rich  in  sodium,  the  reflection  band  corresponding  to  these 
groupings  must  be  shifted  toward  shorter  wave  lengths,  because  the  band  given  by  crystalline  silicates  shifts  in 
that  direction  with  decreasing  sodium  content.  Conversely,  if  regioiu  rich  in  silica  become  enriched  with  sodium, 
the  corresponding  band  must  shift  in  the  long-wave  direction.  This  shifting  of  the  bands  is  observed  ip  practice. 
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Fig-  2b.  Reflection  spectra  of  crust  layers  of  crystallized  glasses  contain¬ 
ing  33.3%  Na^O  and  66. *7%  SK^,  melting  No.  1772,  heated  at  620*. 

pot.  All  the  other  curves  are  spectra  of  crust  layers  of  heated  glasses.  Curves  2,  3,  4  (Fig.  3a)  and  curves  S  and  6 
(Fig.  3b)  refer  to  completely  crystallized  glasses.  Curves  1  and  2  in  Fig.  3b  are  transmission  specua  of  films  blown 
from  a  melt  of  the  same  glass  at  1450*,  and  before  the  pot  was  taken  out  at  1080*.  As  in  the  preceding  case,  the 
structure  of  the  glass  is  heterogeneous.  There  are  regions  of  high  silica  content  (band  at  9.3  ^)  and  regions  of  high 
Na|0  content  (band  at  10.5  ).  The  transmission  spectra  of  the  films  show  that  intermediate  structures  are  also 

present,  including  sodium  disilicate  crystallites  with  an  absorption  maximum  at  9.8  fi .  Crystallization  of  this 
glass  can  also  take  different  courses.  In  one  case  high-temperature  cristobalite  and  an  unknown  sodium  silicate, 
the  rudimentary  structure  of  which  (crystallites)  already  existed  in  the  glass,  first  crystallize  on  the  glass  surface. 
This  case  is  represented  in  Fig.  3a.  The  spectrum  of  glass  heated  for  576  hours  consists  of  superposed  spectra  of 
silica  and  heavy  sodium  silicate.  Subsequently,  and  in  the  solid  phase,  these  substances  react  chemically  with 
gradual  formation  of  sodium  disilicate  (maximum  at  9.80  n  on  curves  3  and  4  in  Fig.  3a).  The  reaction  in  the 
solid  phase  is  very  slow,  so  that  sodium  disilicate  is  formed  only  after  a  long  time.  In  the  other  case  the  reaction 
between  the  silica -rich  and  the  sodium -rich  components  is  more  rapid  than  the  growth  of  the  atomic  groupii^s 
which  were  predominant  in  the  original  glass.  Therefore  sodium  disilicate  is  deposited  at  once  as  the  first  phase. 
This  case  is  represented  in  Fig.  3b.  Curve  3  (Fig.  3c)  is  the  transmission  spectrum  of  a  film  blown  from  a  glass 
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Fig-  2c.  Transmission  spectra  of  films  blown  from  a  glass  melt  contain¬ 
ing  33.3%  NajO  and  66.7%  SiOj:  1)  (a)  Thick  film  blown  at  1450*;  2) 
(b)  thin  film  blown  at  1450* ;  3  and  4)  (a*)  and  (b’)  films  blown  from  the 
melt  at  1080*. 


melt  of  a  different  melting  (also  made  in  a  100-liter  pot).  This  spectrum  shows  that  in  this  case  the  reaction 
between  the  silica-rich  and  the  sodium -rich  components  commenced  in  the  melt  itself. 

F^ures  4a  and  4b  represent  changes  in  the  reflection  spectra  of  a  glass  containing  25.5%  Na20  and  74.5% 
SiO|  (composition  of  the  silica- sodium  disilicate  eutectic)  during  conversion  of  the  glass  into  the  crystalline  form. 
This  glass  was  made  in  a  100-liter  pot.  Curve  1  (Fig.  4a)  represents  a  sample  taken  from  the  melt  at  its  earliest 
stage  at  1450*.  Curve  2  represents  a  sample  taken  one  hour  after  the  first.  Curves  3  and  4  refer  to  a  sample  taken 
before  removal  of  the  pot  from  the  furnace,  and  to  the  pot  glass.  Curves  5  and  6  represent  the  spectra  of  the 
crust  layers  of  the  specimen  after  the  appearance  of  the  first  crystalline  haze  and  after  complete  crystallization. 
Curve  1  (Fig.  4b)  again  shows  the  reflection  spectrum  of  the  first  sample,  and  curves  2,  4,  5,  and  6  are  the  spectra 
of  the  crust  layers  of  crystallized  specimens  kept  at  620*  for  periods  from  576  to  1812  hours.  Curves  5,  5a,  and 
5b  refer  to  three  different  regions  of  the  same  surface  of  a  crystallized  disk.  Curve  3  represents  the  spectrum  of 
the  subsurface  portion  of  a  crystallized  specimen  heated  for  267  hours  at  620*.  Spectra  of  the  subsurface  portions 
of  all  completely  crystallized  glasses  subjected  to  heat  treatment  for  60-1008  hours  are  similar  in  appearance. 
Figure  4a  shows  that  the  melt  suucture  is  heterogeneous  at  the  earliest  stage.  It  contains  regions  of  high  silica 
content  (band  at  9.2  p  )  and  sodium-rich  regions  (band  at  10.4  p  ).  When  the  melt  is  kept  further  at  1450*  a 
reaction  begins  between  the  heterogeneous  components,  with  partial  binding  of  silica,  and  the  two  bands  therefore 
come  somewhat  closer  together.  When  the  glass  was  crystallized  at  620*  some  form  of  silica  was  first  deposited 
on  its  surface  (band  at  9.2  in  curve  5)  together  with  an  unknown  sodium  silicate  of  high  SiOs  conteiit,  the 
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Fig.  3a.  Transmission  spectra  of  glass  containing  SO^NajO  and  70%SiOs: 

1)  Original  glasst  2,  3,  and  4)  crust  of  crystallized  glass  heated  for  different  times 
at  620*. 

rudimentary  structure  of  which  already  existed  in  the  melt.  On  further  heat  treatment  the  two  compounds  react 
chemically,  and  the  reaction  leads  to  the  formation  of  the  compound  which  is  the  main  component  of  the  crystal¬ 
lization  product  of  the  inner  portions  of  the  specimen  (maximum  at  9.50  p  on  curve  3,  Fig.  4b).  Thb  solid-phase 
reaction  is  even  slower  than  in  glasses  containing  33.3  and  30*!^Na2O,  so  that  it  is  not  completed  even  after  1812 
hours.  Curves  4  and  5  show  that  the  reaction  proceeds  by  way  of  formation  of  a  series  of  intermediate  silicates. 
Crystallization  proceeds  similarly  at  higher  temperatures,  including  temperatures  close  to  the  liquidus.  This  is 
clear  from  Fig.  5,  which  shows  reflection  spectra  of  the  crust  regions  of  glasses  crystallized  at  various  temperatures. 
According  to  Fig.  5  a  eutectic  mixture  of  silica  and  sodium  disilicate  is  not  formed  at  once.  Formation  of  sodium 
disilicate  begins  later,  as  the  result  of  chemical  reaction  between  silica  and  heavy  sodium  silicate. 

Crystallization  of  glass  in  the  layers  under  the  crust  at  620*  ukes  a  different  course.  In  this  case  the  rate  of 
growth  of  crystals  of  silica  and  heavy  sodium  silicate,  the  rudimentary  structure  of  which  was  already  present  in 
the  glass.  Is  lower  than  on  the  surface.  The  rate  of  diffusion  of  sodium  ions  is  higher  than  the  rate  of  growth  of 
these  crystals,  so  that  there  is  time  for  a  chemical  reaction  to  uke  place  between  the  sodium -rich  and  the  silica- 
rich  components:  as  a  result  an  entirely  different  compound  crystallizes  in  the  inner  layers.  This  conclusion  is 
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Fig.  3b.  ReHection  spectra  of  glass  containing  30%NatO  and  TO^SiOs: 

1)  Original  glass;  2-6)  crust  of  glass  heated  at  610-620*  for  different  times. 
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Fig-  3c.  Transmission  spectra  of  films  blown  from 
a  glass  melt  containing  30%  NajO  and  70%  SiO^  at 
Tarious  temperatures.  1)1450*;  2)  1080*;  3)  film 
flown  from  glass  of  another  melting. 

confirmed  by  investigation  of  the  reflection  spectra  of  crust  regions  of  glasses  subjected  to  heat  treatment  at 
570*.  At  this  temperature  the  crystallization  rate  is  very  low,  so  that  even  after  12  days  of  heat  treatment  only 
a  thin  crystalline  crust  about  0.3  mm  thick  is  formed  on  the  surface,  while  all  the  rest  of  the  specimen  is  whole 
glass.  Since  the  crystallization  rate  is  lower  than  or  comparable  to  the  rate  of  chemical  reaction,  a  compound 
is  formed  at  once  on  the  specimen  surface,  as  is  clear  from  Fig.  5;  the  spectrum  of  this  compound  is  analogous 
to  curve  3  (Fig.  4b). 

Figure  6a  shows  transmission  spectra  of  films  containing  50%Na2O  (from  two  different  meltings)  blown  from 
melts  made  in  22-litcr  pots.  In  Fig.  6b  curve  1  represents  the  reflection  spectrum  of  the  glass  of  the  melting 
to  which  curve  1  in  Fig.  6a  refers.  Curves  2  and  3  are  the  spectra  of  the  crust  regions  of  completely  crystallized 
glasses,  after  3.5  and  144  hours  of  heat  treatment  respectively.  Comparison  of  the  reflection  and  transmission 
spectra  of  the  glasses  with  the  reflection  spectrum  of  sodium  metasilicate  (maximum  at  10.2  M  in  curve  3)  shows 
that  the  greater  proportion  of  the  compound  Na20  -SiO}  is  dissociated  in  the  glass.  The  structure  of  the  melt  and 
glass  consists  mainly  of  two  kinds  of  formations.  Those  of  one  type  are  rich  in  silica  and  have  a  high  degree  of 
bonding  between  the  Si04  tetrahedrons,  approaching  that  of  laminar  sodium  silicate  (band  at  9.6  fi  ),  or  of 
compounds  even  richer  in  silica.  The  others  are  rich  in  Na20  and  their  Si04  tetrahedrons  ate  not  directly  joined, 
as  the  band  is  shifted  into  the  long-wave  region  even  relative  to  orthosilicate.*  If  such  a  glass  is  crystallized 
so  rapidly  that  there  is  no  time  for  sodium  ions  to  diffuse  from  regions  rich  in  sodium  to  regions  poor  in  sodium, 
crystals  containing  less  and  more  than  50%  NasO  could  be  obtained.  It  is  found  in  practice  that  such  crystals 
ran  indeed  be  obtained  on  the  specimen  surfaces  if  the  crystallization  rate  is  very  high.  This  follows  from  a 
comparison  of  curves  1  and  2  (Fig.  6b).  At  first  laminar  sodium  disilicate  crystallizes  on  the  surface  (band  at 
9.6  %)  together  with  heavy  sodium  silicate  (band  at  11  p  )•  These  then  enter  into  a  solid-phase  chemical 
reaction,  which  ultimately  gives  a  silicate  of  the  sodium  metasilicate  type  (band  at  10.2  in  curve  3). 

To  summarize,  it  may  be  concluded  that  the  extensive  and  systematic  experimental  data  obtained  for 
high-quality  glasses  con^rm  that  the  microstructure  of  glass  is  heterogeneous  and  contains  zones  with  ordered 
arrangement  of  atoms  —  crystallites. 


*In  some  iiuunces  compounds  of  even  higher  silica  contents  were  crystallized  [26]. 
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Fig.  4a.  Reflection  spectra  of  glasses  containing  25.5*^  Na^O  and  74.5%  SiOj 
(composition  of  the  eutectic  of  silicc  9nd  sodium  disilicate).  1)  First  sample, 
uken  from  the  melt  at  an  early  stage  at  145(1* ;  2)  third  sample,  taken  one 
hour  after  the  first  at  145(1* ;  3)  13th  sample,  taken  before  vrithdrawal  of  the 
pot  at  1040*; 4)  pot  glass;  S)  crust  of  glass  heated  at  620*  for  3  hours  (Hrst 
crystalline  haze);  6)  same,  heated  for  60  hours. 


Fig.  4b.  Reflection  spectra  of  glasses  containing  25.5%  NajO  and  74.5%  SiOj:  1)  First 
sample,  taken  from  the  melt  at  an  early  stage  at  1450*;  2)  crust  of  crystallized  glass, 
heated  for  576  hours  at  620*;  3)  subsurface  part  of  crystallized  glass,  heated  at  267 
hours  at  620*;  4)  crust  of  crystallized  glass,  heated  for  720  hours  at  620*;  5,  5a,  5b) 
tame,  heated  for  1008  hours;  6)  same,  1812  hours. 


Fig.  5.  Reflection  spectra  of  crust  regions  of  glasses  containing 
25.5*^  Na^O  and  74.5% SiOj,  crystallized  at  various  temperatures. 
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Fig.  6a.  Transmission  spectra  of  films  blown  from  glass  melts  containing 
50^  Na^O  and  50^  SiOx  (curves  ^  and  b  refer  to  different  meltings). 
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Fig.  6b.  Reflection  spectra  of  glasses  containing  50*^  Na20  and  50^  SiOj:  1)  Original 
glass;  2)  crust  of  crystallized  glass,  heated  at  600*  for  3.5  hours;  3)  same,  heated  at 
620*  for  144  hours. 


In  conclusion,  it  is  my  duty  to  offer  my  deep  gratitude  to  Academician  A.  A,  Lebedev  and  A.  G.  Vlasov  for 
valuable  advice  and  every  cooperation  in  this  work. 

LITERATURE  CITED 

1.  H.  Rubens,  Wied.  Ann.  Phys.  23(1872). 

2.  W.  Coblentz,  Investigations  of  1.  R.  Spectra,  part  3,  p.  21. 

3.  E.  F.  Nichols,  Phys.  Rev.  4,  297  (1897). 

4.  O.Reinkober,  Ann.  Phys.  W,  343  (1911). 

5.  Th.  Liebisch  and  H.  Rubens,  Berl.  Ber.,  S.  199  (1919). 

6.  Cl.  Schaefer  and  M.  Schubert,  Z.  Phys.  7,  313  (1926). 

7.  M.  Czerny,  Z.  Phys.  M,  317(1929). 

8.  I.  D.  Hardy  and  S.  Silvermann,  Phys.  Rev.  37.  76  (1931). 

9.  S.  Silvermann,  Phys.  Rev.  158  (1934). 

10.  R,  L.  Henry,  J.  Opt.  Soc.  Amer.  38,  9  (1948). 

11.  V.  A.  Florinskaya  and  R.  S.  Pechenkina,  Doklady  Akad.  Nauk  SSSR  6  (1952). 

12.  J.  SimoaMcMagon,  J.  Chem.  Phys.^,  23  (1953). 

13.  M.  Haccuria,  Bull.  Soc.  chim.  Belg.  62,  4281  (1953). 

14.  N.  A.  Sevchenko  and  V.  A.  Florinskaya,  Doklady  Akad.  Nauk  SSSR  109,  6  (1956). 

15.  N.  A.  Sevchenko  and  V.  A.  Florinskaya,  Optika  i  Spektroskopiya  4,  189  (1958). 

16.  N.  A.  Sevchenko  and  V.  A.  Florinskaya,  Optika  i  Spektroskopiya  4,  261  (1958). 

17.  N.  A.  Sevenchko.  Inzh.-Fiz.  Zhur.  2»  8  (1958). 

18.  Cl.  Schaefer,  E.  Matossi,  and  K.  Wirtz,  Z.  Phys.  89,  210  (1934). 

19.  F.  Matossi  and  H.  Kruger.  Z.  Phys.  99.  1  (1936). 

20.  F.  Matossi,  Z.  Techn.  Phys.  18,  12,  585  (1937). 

21.  F.  Matossi  and  H.  Bluschke.  Z.  Phys.  1^.  295  (1953). 

22.  F.  Matossi  and  R.  Mayer,  Naturwiss.  219  (1949). 


186 


23,  P,  MatmsI,  J.  chcm.  Phys.  H,  679  (1949). 

24,  R,  Lfluner,  Amer.  Mineralogist  37,  764  ( 1952), 

25,  V,  A,  Florinskaya  and  R.  S.  Pechenkina,  Structure  of  Glass,  Proceedings  of  Conference  on  the  Structure  of 
.  Glass,  November  23-27,  1953,  Leningrad  [in  Russian]  (Izd.  AN  SSSR,  1955). 

26,  V,  A,  Florinskaya  and  R.  S,  Pechenkina,  Optika  i  Spektroskopiya  1,  690  (1956). 

27,  V,  A,  Florinskaya,  Optika  1  Spektroskopiya  2,  6,  724  (1957). 

28,  Yu,  V,  Glazkov,  Inzh.-Flz.  Zhur.  2,  1,  3,  7  (1959);  Optika  i  Spektroskopiya  4,  400  (1958). 


All  abbreviations  of  periodicals  in  the  above  bibliography  are  letter>by>letter  transliter¬ 
ations  of  the  abbreviations  os  given  in  the  original  Russian  journal.  Some  or  att  ot  this  peri¬ 
odical  literature  may  well  be  available  In  EngUah  translation.  A  complete  list  of  the  cover- to- 
cover  English  translations  appears  at  the  back  of  this  issue. 


187 


REPULSION  IN  IONIC  MOLECULES 

K .  S .  Krasnov 

Ivanovo  Institute  of  Chemical  Technology 

Translated  from  Zhurnal  Strukturnoi  Khimli.  Vol.  2,  No.  2,  pp.  200-203, 
March-April,  1961 

Original  article  submitted  March  30,  1960 


The  repulsion  coefficient  p  for  MeX^  molecules  increases  down  the  subgroup  of  the  periodic  system  (for  Me 
or  X),  and  from  right  to  left  in  the  Me  series.  These  changes  of  p  are  associated  with  changes  in  the  effective 
nuclear  charges  and  of  the  principal  quantum  numbers  of  the  outer  electrons  of  the  atoms.  The  quantity  b  =  l/p 
approximately  represents  the  sum  of  the  terms  bj^  and  b^,  relating  to  the  cation  and  the  anion.  The  repulsion 
coefficients  forMe(I)Hal  and  Me(II)Hal2  molecules  were  calculated  on  this  basis.  The  validity  of  the  calculation 
is  confirmed  by  comparison  with  experimental  data  and  with  values  extrapolated  by  other  methods. 

♦  ♦  ♦ 

In  the  case  of  alkali  halides  the  ionic  model  of  a  molecule  with  polarizing  ions  can  be  successfully  used  for 
calculation  of  bond  energies  and  molecular  constants  [1-4]. 

The  repulsion  energy  of  the  ions  in  this  case  is  represented  by  the  expression  Ae’^^ ,  as  is  usually  accepted 
for  crystab.  The  constants  A  and  p  are  calculated  from  the  equilibrium  conditions  [1], from  the  interatomic 
dbtances£,  force  constants  k,  polarizabilities,  and  ionization  potentials  of  the  ions.  Rittner  found  the  value 
p  =  0.31  A  [1]  for  alkali  halide  molecules,  while  for  crystals  the  value  accepted  until  recently  was  0.345  [5]. 

The  question  whether  the  repulsion  coefficient  p  has  the  same  value  for  all  alkali  halide  molecules  and 
other  simple  molecules  is  of  interest  in  the  theory  of  the  chemical  bond  and  for  assessment  of  the  possibilities  of 
ionic  models  of  molecules.  To  solve  this  problem,  we  performed  a  series  of  calculations  based  on  accurate  experi¬ 
mental  data  for£(Honig  et  al.  [2],  Rice  and  Klemperer  [3]).  The  calculations  showed  that  p  depends  on  the 
nature  of  the  ions.  It  increases  in  the  series  fluoride  -*•  iodide  and  lithium  salt  -*  cesium  salt  [4,  6].  The  same 
applies  to  thallium  halides  [7]  and  to  the  molecules  BeFj,  BeCl2  and  MgCIj  [8].  For  atoms  of  inert  gases  with  the 
tame  electron  conHguration  as  eight-electron  ions  the  repulsion  coefficient  also  increases  down  the  periodic 
system:  He  0.25,  Ne  0.22,  Ar  0.28,  Kr  0.33  and  Xe  0.35  [9].  Comparbon  of  all  these  data  shows  that  the  variations 
of  p  in  the  periodic  system  conform  to  a  definite  law. 

Thb  paper  b  concerned  with  an  analysb  of  the  causes  of  thb  regularity  and  with  calculations,  on  this  basis, 
of  the  coefficients  p  for  molecules  for  which  the  necessary  experimental  data  are  lacking. 

For  convenience  in  interpretation  of  the  results  we  use  the  quantity  b  =  1  /p  instead  of  p.  The  expression 
for  the  repulsion  energy  then  becomes  Ae"br.  It  b  known  that  the  expression  Ae"^f  reflects  the  exponential 
character  of  variations  of  the  wave  function  with  distance  [10].  Slater's  expression  for  the  radial  wave  functions 
of  the  ions  gives 

^  (1) 

where  n*  and  Z*  are  the  effective  quantum  number  and  the  nuclear  charge  of  the  ion;  a^  b  the  Bohr  radius  [11]. 

Assuming  that  the  change  of  with£  b  determined  principally  by  the  exponential  term,  and  the  pre¬ 
exponential  term  alters  little  by  comparison,  we  obtain  the  following  expression  for  b^: 


b,  =  -~ 

»  n 
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TABLE  1 


Values  of  p  •  10^  cm  (values  of  bj  given  In  A*^) 
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!«• 

o 

L- 
a  B 

WO  = 

-I 

Li> 

*  I ,855 

308 

323 

3/5 

379 

Bc*^ 

2,542 

254 

264 

277 

296 

Na^ 

6,  =  1,770 

316 

332 

346 

3S4 

ftj- 2,029 

292 

306 

323 

338 

K* 

1,673 

326 

343 

374 

399 

Ca*+ 

5^=  1,889 

3o5 

319 

337 

367 

nb^ 

1,575 

337* 

355 

379 

415 

St-* 

6^=1,746 

319 

335 

355 

387 

1,528 

3/i2 

361 

385 

423 

Ba**^ 

=  1 ,693 

324 

341 

362 

396 

Fr* 

fci“l,50 

346 

365 

380 

428 

Ra*^ 

b^  =  1 ,66 

328 

345 

366 

402 

THere  and  subsequently  experimental  values  are  given  In  italics. 

TABLE  2 

Comparison  of  Vibration  Frequencies  (in  cm“*)  Calculated  from  Repulsion  Coef¬ 
ficients  and  by  Other  Methods 
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Csl 

111 
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-f-IO 

I.iCI 

659 

662 (31 

-3 

Hbl 

131 

128 131 

-3 

CaF 
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+21 

(IsBr 
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139 (3| 

-r4 

NaF 
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465(141 
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ItbBr 
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166  (31 

_ o 

TABLE  3 

Energy  W  of  Molecule  Formation  from  Gaseous  Ions  at  CTK* 


Molecule 

P. 

cm  •  l(f 

A. 

erg -id* 

Ae-'-i’ 

erg  •  10** 

hccj 

erg*  10*^ 

W,  k( 

^  s 

a  S 

:al/  me 

•  ^ 

■C  2 

Jig 

V  E 

differ-  ^ 
ence 

CsJ 

0,423 

4,150 

1.640 

1,07 

94,6 

91,7 

2.9 

RbJ 

0,415 

3,565 

1,691 

1.27 

98,1 

100,2 

2.1 

KJ 

0,399 

3,597 

1,735 

1,74 

102,6 

104,1 

1.5 

NaJ 

0,384 

2,613 

2,224 

2,56 

115,1 

116,6 

1.5 

LiJ 

0,379 

1,791 

3,257 

4.77 

130,0 

132,5 

2.5 

CsBr 

0,385 

5,012 

1,717 

1.41 

102,2 

100,6 

1.6 

RbBr 

0,379 

4,130 

1.747 

1,60 

105,4 

106,0 

0,6 

RBr 

0,374 

3,467 

1,840 

2,12 

109,3 

111,0 

1.7 

NaBr 

0,346 

3,055 

2,211 

3,00 

124,0 

126,4 

2,4 

LiBr 

0,345 

1,828 

3,391 

5,71 

140,9 

145,4 

4.5 

CaCI 

0.361 

5,572 

1.779 

2,30 

107,8 

104,1 

3.7 

RbCl 

0,355 

4,560 

1,782 

2,27 

111,3 

111,7 

0.4 

KCI 

0,343 

4,345 

1,829 

2,79 

114,1 

114,5 

0.4 

NaCl 

0,332 

4,236 

2,260 

3,64 

129,2 

130,0 

0.8 

LiCl 

0,323 

1,879 

3,468 

6,59 

149,8 

153,0 

3,2 

CsF 

0,342 

2.780 

2,615 

3,16 
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0.4 

RbF 
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2,504 

3,37 
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KF 
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4,03 
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0.2 

NaF 

0,316 

1,189 

2,753 

4,90 

147,4 

143,6 

3.8 

LiF 

0,308 

0,076 

5,033 

7,81 

179,1 

179,6 

0,5 

*For  the  electrostatic  and  dispenion  components  of  the  bond  energy,  see  [4]. 
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Hence  the  values  of  bj  for  Li*,  Na*,  K*.  Rb*  and  C$*  are  5.10,  6.48,  4.87,  4.72  and  4.35  A'*;  the 
respective  values  for  F",  Cl”,  Br”,  and  I”  arc  4.58,  3.62,  3.70  and  3.42  A"*.  We  thus  find  the  regular  variation 
noted  above.  Baughan  [12J  offered  a  similar  explanation  for  the  difference  in  b  between  halides  of  group  la  and 
halides  of  group  2a  [12J. 

Analysis  of  the  values  for  10  alkali  halide  molecules  shows  that  b  can  be  approximately  represented  as  the 
sum  of  two  terms,  bj^  for  the  cation  and  b^  for  the  anion,  i.e.,  b  is  approximately  additive: 

6  =  6k  +  6a.  (3) 

This  additivity  may  be  qualitatively  justified  as  follows.  Repulsion  between  ions  occurs  on  overlapping  of  two 
completed  electron  shells  of  ions.  Rosen  [17]  showed  that  the  energy  of  repulsion  of  two  ions  is  Pe'  ^  *  hA)  •  r^ 
where  P  is  a  polynomial  of  £,  which  varies  very  little  in  comparison  with  the  exponential  term  and  whl 
fore  corresponds  to  the  constant  A.  Therefore  we  may  assume  that  in  Ac"Ct  the  quantity  e"®*’  =  e"^^ 
and  hence  b  =  bj^  ♦  b^  ;  i.e.,  we  have  Eq.  (3). 

Thus,  Eq.  (2)  leads  to  regular  variations  of  b  in  series  of  ions,  and  Eqs.  (2)  and  (3)  leads  to  the  observed 
regularity  of  the  variations  of  p  or  b. 

It  is  possible  to  resolve  b  into  two  terms  with  the  aid  of  Eqs.  (3)  and  (2).  The  KCl  molecule,  consisting  of 
isoelectronic  ions,  was  taken  as  the  standard  for  calculations  of  bj  for  ions.*  For  such  ions  it  follows  from  Eq. 

(2)  that 


For  KCl.b  =  2.915  [4],  Z^+  =  7.75,  =  5.75  according  to  Slater.  Solving  (3)  and  (4)  simultaneously,  we  have: 

=  1.673  A-*,  bci-  =  1,242  A'***. 

Using  b  calculated  for  the  remaining  nine  alkali  halide  molecules  (LiBr,  Lil,  NaCl,  NaBr,  Nal,  KBr,  RbF, 

RbCl  and  CsCl),  we  find  b^  for  the  alkali  metal  and  halide  ions  from  Eq.  (3).  The  value  of  bi  for  Fr*  was  found 
by  graphical  extrapolation  of  the  plot  of  cation  b^  against  atomic  number.  The  values  of  b^  calculated  for  the 
bromide  ion  from  KBr,  NaBr,  and  LiBr,  differ  somewhat  (1.00,  1.02,  and  1.09),  apparently  because  of  differences 
in  the  degree  of  deformation  of  the  anion  by  the  cations.  Therefore  the  value  taken  for  the  calculations  was  the 
average  bg^.  =  1.07  ±0.05  A"*. 

Similarly,  the  average  value  b^^-f  =  1.85  ±  0.05  A*^  was  taken  for  lithium.  The  maximum  possible  error 
in  the  determination,  according  to  [3],  is  0.1  A~^,  which  corresponds  to  an  error  of  3-4%  in  calculation  of  p.  In 
most  cases  the  error  must,  of  course,  be  less. 

Table  1  contains  values  of  p  =  l/b  for  24  alkali  halide  molecules,  including  FrHal,  of  which  14  were 
calculated  as  described  above. 

The  reliability  of  these  values  can  be  verified  as  follows.  The  values  of  p  and  the  vibration  frequency 
(Je  ate  connected  by  an  expression  whereby  one  can  be  calculated  from  the  other  [1].  We  used  this  fact  for 
calculating  the  frequencies  of  the  molecules  for  which  infrared  spectrum  data  are  lacking,  and  compared  the  results 
with  the  values  found  by  extrapolation  by  Rice  and  Klemperer  [3]  and  by  Krasnov  and  Maksimov  [14]. 

Table  2  shows  that  the  agreement  is  quite  convincing.  We  also  calculated  the  formation  energies  of  the 
molecules  from  gaseous  ions  at  0*K  (Table  3)  on  the  basis  of  our  earlier  calculations  [4],  after  recalculations  of  the 
zero  energies  and  repulsion  energies  in  accordance  with  the  values  of  p  given  in  Table  1.  The  average  deviations 
of  the  calculated  from  the  experimental  values  are:  for  iodides  2.1,  bromides  2.2,  chlorides  1.7,  and  fluorides 
1.4  kcal/mole  (Table  3).  This  "course”  of  the  deviations  is  apparently  associated  with  increasing  ionic  character 
of  the  bond  in  the  iodide— fluoride  sequence.  The  mean  relative  error  e  is  1.5%,  and  the  deviation  is  greater  than 
2e  in  only  one  case  out  of  20  (for  CsCl  c  =  3.5%).  The  results  confirm  the  view  that  the  value  of  p  is 
variable. 


*lt  would  be  better  to  uke  NaF,  where  mutual  polarization  of  ions  is  at  a  minimum,  but  experimental  data  for 
NaF  are  lacking. 

*  "Pauling's  Z*  gives  the  same  result  [13]. 
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We  noted  earlier  that  the  value  of  p  in  crystals  alters  regularly  [6J.  This  confirms  Cuhlcclotti's  recent 
calculations  [l.S]  for  alkali  halide  crystals.  In  the  same  way  as  we  had  done  earlier  for  molecules.  Cubicclotti 
Introduced  mean  values  of  p  for  fluorides,  chlorides,  etc.,  and  used  them  for  calculations  of  lattice  energies. 

On  the  other  hand,  Baughan  [12]  assumes  that  p  Is  constant  in  alkali  halide  molecules.  He  obtained  this  result  by 
neglecting  polarization  in  the  molecules.  However,  this  does  not  correspond  to  physical  reality  and  it  is  not 
surprising  that  Baughan's  values  for  the  dissociation  energies  of  the  molecules  differ  from  the  experimental  values 
by  an  average  of  9  kcal,  whereas  if  polarization  is  taken  into  account  the  average  error  does  not  exceed  2  kcal. 

For  halide  molecules  of  group  2a  the  ionic  model  with  polarization  of  the  ions  taken  into  account  also  leads 
to  good  results  in  energy  calculations  [16];  here  we  used  the  same  value  p  =  0.338  for  all  MeHal]  molecules. 
However,  the  result  might  be  even  better  if  the  above-mentioned  dependence  of  p  on  the  effective  ionic  charge 
is  taken  into  account.  For  example,  Baughan,  in  calculating  the  lattice  energies,  alters  P  in  passing  from  one 
■family*  to  another  [12]. 

It  follows  from  the  foregoing  that  p  for  MeHal^  moiecules  should  differ  from  P  for  MeHal  molecules,  and 
vrithin  the  MeHal|  group  it  should  depend,  as  in  the  MeHal  group,  on  the  effective  ionic  charges.  We  used  the 
values  of  bi  for  Li"*^,  Na'*’,  K+,  Rb*,  Cs"*’  and  Fr+  ions  to  calculate  values  of  bj  of  Be**,  ,  Ca*^,  Si^^,  Ba**  and 

Ra**  ions,  which  are  isoelectionic  with  the  former.  The  values  of  p  for  the  MeHal^  group  calculated  from  these 
results  are  given  in  Table  1.  Comparison  with  the  values  of  p  for  BeF|,  BeClt,  and  MgCl]  calculated  by  Pearson 
[8]  from  the  force  constants  of  the  molecules  (p  =  0.222,  0.256  and  0.303)  confirms  the  validity  of  our  calculated 
values  of  p. 

I  thank  Dr.  J.  Paldus  (Czechoslovakia)  for  valuable  comments  on  the  present  investigation. 
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It  is  shown  that  the  expression  for  the  energy  of  ir -electrons  in  any  aromatic  hydrocarbons  with  condensed 
six-membered  rings,  derived  by  Huckel's  variant  of  the  molecular  orbital  method,  can  be  represented  to  a  close 
degree  of  approximation  by  the  sum  of  a  series  of  values  (which  may  be  regarded  as  die  partial  energies  for 
separate  local  suuctural  elements  of  the  molecules),  or  in  the  form  of  partial  bond  energies. 

*  4i  4> 

The  phenomenological  theory  of  the  relationship  between  the  properties  and  structure  of  molecules  is 
based  on  the  postulate  that  the  energy  (or  certain  other  properties)  of  any  molecule  in  a  certain  series  of  mole¬ 
cules  may  be  represented  as  the  sum  of  partial  values  corresponding  to  its  separate  local  structural  elements 
(atoms  or  atomic  groups,  chemical  bonds  or  groups  of  bonds),  the  properties  of  which  are  regarded  as  roughly 
constant  in  all  the  molecules  of  the  given  series*.  This  theory  involves  the  following  Important  problems:  a) 
Justified  selection  and  classification  of  molecular  structural  elements  and  partial  properties  of  which  may  be 
regarded  as  approximately  constant  in  certain  series  of  molecules;  b)  determination  of  the  range  of  molecules  in 
which  the  partial  properties  of  the  chosen  structural  elements  may  be  regarded  as  approximately  constant;  c) 
evaluation  of  the  accuracy  of  the  basic  postulate  according  to  which  the  properties  of  the  molecules  of  a  given 
series  are  additive  with  respect  to  the  chosen  structural  parameters. 

Of  course,  it  is  desirable  to  be  able  to  analyze  (at  least  approximately)  the  validity  of  this  postulate  and  to 
suggest  routes  for  a  quantum-mechanical  solution  of  the  problems  defined  above.  In  particular,  the  question  of 
the  applicability  of  the  postulate  to  condensed  multinuclear  aromatic  hydrocarbons  is  still  controversial  [3,  4]. 

It  is  shown  in  this  paper  that  the  expression  for  the  energy  of  ir  -electrons  of  any  aromatic  hydrocarbon 
consbtlng  of  condensed  six-membered  rings,  derived  by  the  Huckel  variant  of  the  MO  method,  can  be  represented 
with  good  approximation  as  the  sum  of  a  series  of  quantities.  These  may  be  regarded  as  the  partial  energies  cor¬ 
responding  to  separate  local  structural  elements  of  the  molecules  (typical  groupings  of  chemical  bonds),  i.e.,  as 
partial  bond  energies.  This  gives  rise  to  methods  for  devising  a  more  or  less  deuiled  classification  of  C~C  bonds 
in  these  hydrocarbons.  Moreover,  it  becomes  possible  to  estimate  the  accuracy  of  this  concept. 

Thus,  the  v -electron  energy  is  represented  as  a  linear  function  of  the  numbers  of  C-*C  bonds  of  different 
types;  this  is  also  of  direct  interest,  because  it  is  thereby  possible  to  calculate  rapidly  and  with  an  adequate  degree 
of  accuracy  the  value  of  this  energy  for  any  hydrocarbon  of  the  given  class  without  the  need  for  solving  the  cor- 
lesponding  characteristic  equation. 

The  main  results  deuiled  above  are  proved  as  follows.  In  the  LCAO  approximation  of  the  MO  method  the 
energies  of  different  sutes  of  the  v -electron  are  given  by  the  roots  of  the  characteristic  equation 

|//,j-85.j|  =  0.  (1) 

*For  an  analysis  of  a  number  of  general  questions  relating  to  this  subject,  see  [1.  2]. 
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where  //j^  tpj  d  X  *nd  Sij  =~  I  V**  atomic  orbitals  of  1^  and  I  atoms,  H  Is 

the  effective  Hamiltonian  for  the  given  problem,  and  e  1$  the  energy.  In  the  crudest  variant  of  this  method  (the 
Huckel  variant)  for  hydrocarbons  It  Is  assumed  that  Sij  =  5jj,  //«  —  a,  Ifij  =  p  (t=^/j  for  directly  linked 
atoms,  and  -  0(1  j)for  atoms  not  directly  linked.  By  the  substitution  a~c  =  Bx  Eq.  (1)  becomes 

IPu  — xSjjl  =  0,  (2) 

where  fljj  =  1  when  1-/  j.  If  1^  and  are  directly  linked  atoms,  and  Bjj  »  0  in  all  other  cases.  Including  i  =j.  For 
the  hydrocarbons  under  consideration  the  number  of  elements  different  from  zero  In  each  line  Is  not  greater  than 
three  and  not  less  than  two.  The  roots  of  Eq.  (2)  therefore  satisfy  the  condition  |  xj  |  s  3,  and  they  are  equal  only 
for  an  Infinite  hexagonal  lattice.  It  was  shown  by  a  number  of  authors  (for  example,  see  [5])  that  for  alternate 
hydrocarbons  the  roots  x^  of  Eq.  (2)  are  symmetrical  about  zero.  The  ir  -electron  energy  of  the  molecules  can 
then  be  represented  in  the  form 


N/2  rt  N 

t-l 

(if  N  is  odd  then  in  the  first  equation  the  summation  is  performed*  from  i  =  1  to  i  =  (N  ~l)/2,  as  Xj  is  zero  when 
i  =(N  ■fl)/2).  Therefore  the  problem  is  to  find  the  sum  of  the  absolute  values  of  the  roots  xj.  This  sum  can  be 
found  in  principle  by  construction  of  a  matrix  of  the  Nth  order  with  characteristic  numbers  |  x^l  ,  and  subsequent 
determination  of  its  brace.  We  note  such  a  matrix  by  |  A|  ;  this  is  the  matrix  of  the  characteristic  Eq.  (2). 

Matrix  |A  |  can  be  constructed  by  several  methods.  In  one  of  these  methods  it  can  be  represented  in  the  form  of  a 
matrix  polynomial  of  A  or  by  expansion  into  series  by  suitable  functions  of  the  matrix  A,  analogously  to  expansion 
of  the  scalar  function  [z(  by  powers  of  z  or  suitable  functions  of  z  (for  example,  Chebyshev  or  Legendre  polynomials, 
etc.)  In  the  corresponding  convergence  range.  Convergence  of  the  matrix  series  is  ensured  when  all  the  eigenvalues 
of  matrix  A  are  within  the  convergence  range  for  the  |z|  series.  For  example,  expansion  of  the  matrix  a|A|  , 
where  a  =  l/3  by  Chebyshev  polynomials  Tjj  is  of  the  form: 


a|/l|  =  C03  jcnf 2a  (a /i).  (4) 

n*! 

Here  E  is  a  unit  matrix.  The  scalar  a  is  introduced  so  that  all  the  characteristic  numbers  of  matrix  A  should  be 
within  the  convergence  range  for  the  corresponding  |z|  series. 

The  basis  of  the  second  method  for  constructing  matrix  Ia|  is  that  for  the  generalized  matrix  B  with  eigen¬ 
values  yj  the  matrix  B^"’  can  be  determined,  so  that  all  the  eigenvalues  of  the  latter  are  equal  to  and  lie  on 

the  same  branch  of  the  function  y^^^.  In  our  case,  taking  B  =  A*,  it  is  possible  to  construct  the  matrix  (A*)*4  with 
eigenvalues  ix,i.  For  example,  matrix  (A*)*4  can  again  ^  found  with  the  aid  of  a  power  series  In  A 

or  suitable  functions  of  A,  In  particular,  for  finding  the  matrix  (A*)*^  it  is  possible  to  use  expansion  of  the  matrix 
[E  ♦(aA*  “£)/^  as  a  Taylor  series  in  powers  of  (aA*  — E)  (the  scalar  a  is  introduced  so  that  all  the  eigenvalues  of 
the  matrix  aA*  -£  should  not  exceed  1): 


(a  (a  /I*  —  ^  (at  -  £)*  -1-  . ..  <5) 

Thus,  the  coefficient  of  B  in  Eq.  (3)  can  be  found  from  the  traces  of  the  matrices  which  are  functions  of 
the  original  matrix  A.  By  terminating  the  series  representing  these  functions  in  powers  of  matrix  A  at  a  certain 
power  we  ftnd  that  to  a  definite  degree  of  accuracy  the  required  coefficient  can  be  represented  as  the  linear 
function  of  traces  of  powers  of  matrix  A. 

The  traces  Sj^  of  the  k-th  powers  of  matrix  A  are  determined  with  the  aid  of  Newton’s  formulas  through  the 
coefficients  p^  of  the  characteristic  polynomial 

—  ...  —  ps  =0, 
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equivalent  to  (2).  In  our  case  all  the  coefficients  with  odd  indices  are  equal  to  0  because  of  the  symmetrical 
distribution  of  the  roots.  The  coefficients  may  represented  through  definite  combinations  of  the  elements 
6|j  of  matrix  A.  Indeed,  the  coefficient  p|  is  equal,  to  an  accuracy  up  to  the  sign,  to  the  sum  of  all  the  principal 
minorsof the  i-th  order  of  the  determinant  |B  |j  |  .  For  example,  it  can  be  shown  [6]  that  p^  is  equal  to  the  number 
of  bonds  in  the  molecule,  p^  is  equal  to  the  number  of  pairs  of  nonneighboring  bonds,  etc- 

Direct  calculation  by  direct  evaluation  of  the  determinant  of  the  i-th  order  becomes  very  difficult  when 
i  2  8.  A  special  notation  for  the  principal  minors  (for  even  i^)  was  used  to  facilitate  the  calculation.  The  follow¬ 
ing  notation  is  first  introduced.  The  principal  minor  of  the  i-th  order  of  our  determinants  is  equal  to  the  algebraic 
sum  of  products  of  the  form  . 

PabPbcPcf/PdaP^/P/fP^/iP/il"  •  -Pi-uPsjPfr 

of^  cofactors  (diagonal  terms  are  absent).  Each  of  these  products  contains  one  or  several  cycles  of  the  form 
^ab^bc^cd^da*  ^hich  is  otherwise  written  as  (abed).  If  the  whole  sequence  abc  ...t  is  divided  into  ^  cycles,  so 
that  the  first  cycle  contains  the  Hrstp  indices,  the  second  contains  the  next  3,  etc. ,  and  the  last  contains  the  last 
t_  indices,  this  is  represented  as  follows:  (p  I  q  I  . .  .1  r);  it  should  be  noted  that  for  our  determinants  all  the 
numbers  p,  q, . . .  r  are  even,  and  are  equal  to  2,  6,  10,  12 . . .  Further,  in  summation  for  all  the  permutations  of 
each  of  the  indices,  b,  c,...  (apart  from  the  first  index  in  each  cycle  and  the  last  index  O  with  all  the  following 
indices  we  have  a  sum  which  is  represented  as  follows: 

Any  principal  minor  of  the  i-th  order  can  be  written  in  the  form: 

A«  =  S  !'•)]( -')*}.  (7, 

y 

where  ^  represents  summation  for  all  the  ways  in  which  i^  can  be  broken  down  into  a  nondecreasing 

P+Q+..”+r 

sequence  of  even  numbers  p,  q, . . .  r  (each  of  which  can  be  equal  to  2,  6, 10,  12  ... )  and  <P  is  the  number  of 
cycles  in  parentheses. 

Finally,  we  have  the  following  expression  for  the  coefficient  pj  (i^  is  even): 

p.  =  -2A..  =  -ss  (8) 

*  *  p<q<...<r 

P+fl+—+P-=i 

To  demonstrate  the  use  of  this  formula,  we  find  The  principal  minor  of  the  6-th  order  can  be  written,  in 
accordance  with  Eq.  (7),  as  follows: 

=  S^6c-  [-  (2 1 2 1 2)  -  (6)  ]  =  -  S/’m  (»*)  (‘d)  (*/)  - 
S^,C4f.  i^dicdef)  =  2^6. 

Taking  into  account  the  structure  of  our  determinants  and  the  value  of  the  terms  we  find  the  summation 
for  all  of  A|^:  {%  =  —  =  l*(number  of  triplets  of  nonneighboring  bonds)  -t-  2 -(number  of  combinations  of 

k 

closed  bond  hexagons). 

This  formula  was  used  for  obtaining  expressions  for  the  coefficients  up  to  p^^,  and  then  for  traces  of  the 
matrix  powen  up  to  s^.  Here  the  traces  of  the  powers  of  matrix  A  are  represented  linearly  by  numbers  of 
definite  bend  configurations  in  the  molecules  of  the  compounds  under  consideration.  For  example:  St  =  12* 
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•(number  of  closed  hexagons 


♦  6  •  ( number  of 


( 


configurations)  *  12 '(number  of 


Y 


♦  12 '(number  of 


^  configurations)  ♦  2 '(number  of  bonds). 


configurations) 


All  the  configurations  contained  in  sj^  are  closed,  i.e.,  they  are  free  from  breaks  In  the  bonds,  bolating  one 
part  of  a  configuration  ftom  another. 

The  configurations  become  increasingly  complex  with  increase  of  the  order  of  the  matrix  A.  The  maximum 
number  of  bonds  in  configurations  met  in  the  matrix  trace  A*^  is  n.  If  the  series  on  which  |a|  and(A*)*4  are 
based  converge  rapidly  enough  then  the  t  -electron  energy  of  the  molecule  is  represented  with  sufficient  accuracy 
by  the  energies  corresponding  to  separate  configurations,  of  small  extent  (over  a  few  bonds). 


The  expressions  derived  for  the  traces  of  the  matrix  powers  can  be  given  an  equivalent  formulation  by  intro¬ 
duction  of  the  concept  of  bond  types  and  subtypes  for  the  compounds  in  question  [1].  With  the  Hrst  environment 
uken  into  account  (i.e.,  the  atoms  at  a  distance  of  one  bond  from  the  given  atom  and  connected  to  it  by  bonds), 

ifcd  aromatic  hydrocarbons  contain  two  types  of  atoms  —  secondary  Cj  tertiary 

,  and  three  bond  types:  C*— C|,  C2~C>and  Cs" C*.  In  addition,  a  distinction  must  be  made 


Cs  C-C, 


between  external  and  internal  Ca—Cj  bonds.  With  the  second  environment  taken  into  account  we  have  13  bond 
types.  Passing  to  an  expression  in  terms  of  bond  types,  we  have,  for  example  for  %,  the  expression  %  =  22m| 

♦  38m|  +  eOma®^*  +  62mj^''*,  where  mj,  ma,  ma®^*  and  ma^*  are  the  numbers  of  Cf— Ca,  Ca— Ca,  (Ca“Caf’‘*  and 
(Ca” Ca)^*  bonds  respectively.  Other  sj^  can  be  represented  similarly. 


Substituting  these  expressions  for  traces  of  matrix  A  into  the  approximate  formulas  obtained  from  different 
series  we  find,  to  a  definite  degree  of  accuracy,  the  coefficient  of  B  in  Eq.  (3).  Comparison  with  accurate  values 
of  Wy  for  a  number  of  hydrocarbons  shows  that  approximate  formulas  giving  at  least  1-2^  accuracy  can  be  obtained. 

Therefore  the  ir -electron  energy  in  condensed  aromatic  hydrocarbons  in  the  Huckel  variant  of  the  MO 
method  can  be  represented  fairly  accurately  as  a  linear  combination  of  partial  energies  introduced  by  separate 
bond  con^gurations  or  by  bonds  of  definire  types,  and  independent  of  the  actual  type  of  the  molecule  in  a  given 
series.  Although  complete  delocalization  of  ir -electrons  over  the  molecular  skeleton  is  a  basic  postulate  of  the 
method,  their  energy  can  be  subdivided  by  bonds  the  type  of  which  depends  on  the  fairly  close  environment. 
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The  object  of  the  Arst  stage  of  our  electron -diffraction  study  of  the  structure  of  the  isoprene  molecule, 
CH|  =  C'H~  C”(CH])  =  CH],  is  to  determine  whether  its  configuration  is  planar  or  nonplanar. 

Electron-diffraction  patterns  of  isoprene  vapor  were  obtained  by  means  of  the  instrument  described  earlier 
[1].  The  experimental  I(s)  curve  was  plotted  up  to  s  =  24  A~*  from  visual  data.  The  rD(r)  radial  distribution 
curves  have  four  principal  peaks,  which  can  be  assigned  to  the  following  interatomic  distances  in  the  isoprene 
molecule:  1)  sharply  asymmetric  peak  at  1.41  A-t<C*“H,  C  =C,  C'”C*,  C"~CHj);  2)  sharply  asymmetric 
peak  at  2.49  A-r  (C  . .  .H,  C . .  .C",  C* . .  .CH„  C  . .  .C,  C  . .  .CH,);  3)  peak  at  2.94  A-t(C...  H,C...C,.|5) 
and  4)  peak  at  3.54A“t(C  •  •  •  H,  C  •  •  •C^apj .  Since  the  interpretation  was  based  on  visual  assessments  of 
Intensity,  the  interatomic  distances  in  the  component  (overlapping)  peaks  of  the  rD(r)  curve  were  not  reAned. 
Only  the  fourth  peak  at  3.54  A  can  be  regarded  with  satisfactory  approximation  as  t(C  •  •  •€  )txans>bccause  the 
contribution  of  t(C<**H)ln  this  region  is  small,  and  the  corresponding  distance  in  butadiene  is  KC**«C)^ans 
=  3.68  A  [2].  This  assignment  leads  to  a  nonplanar  trans  configuration  for  the  isoprene  molecule.  With  the 
parameters:  r  (C  =C)  =  1.34  A  ;  r(C’  -C*)  =  1.48  A  ;  t(C*-CH,)  =  1.50  A  ;  ZLCC'C"  =  122.4*  andZ_C*C*C 
=  C'C*CH|  =  122^,  the  peak  at  3.54  A  corresponds  to  an  angle  of  50  ilO*  between  the  vinyl-group  planes. 

Assessment  of  the  relative  contents  of  other  possible  geometrical  isomers  of  isoprene  is  difficult  at  present. 
The  results  will  be  refined  on  the  basis  of  spectromicrophotometric  investigations. 
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The  literature  contains  no  data  on  the  composition  of  alkali-metal  borate  vapors.  Therefore  Cole  and 
Taylor  [1),  in  their  determination  of  the  vapor  pressure  of  sodium  metaborate,  calculated  the  pressure  both  for 
NaBO|  and  for  Na2B]04.  In  connection  with  an  electron -diffraction  study  of  the  structure  of  metaborate  molecules 
In  the  vapor  state  [2]  we  attempted  to  determine  the  composition  of  sodium  and  lithium  metaborate  vapors  by 
mass  spectrometry. 

In  the  preliminary  experiments  lithium  and  sodium  metaborates  were  evaporated  from  a  platinum  band 
located  at  the  position  of  one  of  the  cathodes  of  the  ion  source  intended  for  isotope  analysis  of  gases.  The  mass 
spectra  were  found  to  contain  the  following  ions;  Me"*^,  B+,  BO'*',  BOj'*’,  MeB02''’,  MC2BO2*.  In  view  of  the 
similarity  between  the  mass  spectra  of  lithium  and  sodium  metaborates,  the  subsequent  experiments  were  per¬ 
formed  with  lithium  metaborate  only.  An  ion  source  with  an  effusion  chamber  [3)  was  used  for  studies  of  the 
mass  spectra  of  equilibrium  vapors  (see  table).  The  intensity  of  the  Li2B02*  ion  increases  relatively  to  that  of 
the  LiB02  ion  with  rise  of  temperature  (the  lLi2B02‘^^LiB02‘^  af850*).  It  is 

interesting  to  note  that  Me2B02''’  ions  were  detected  earlier  during  ionization  of  the  evaporation  products  of  borax 
[4]  and  sodium  metaborate  [5]  on  a  hot  surface.  In  our  experiments  ions  formed  by  a  surface  ionization 
mechanism  could  not  enter  the  ionization  region  with  the  vapor,  as  the  heating  block  was  at  ground  potential. 

The  presence  of  the  Li2B02'*^  ion  in  the  mass  spectrum  of 
lithium  metaborate  vapor  indicates  that  the  vapor  contains 
molecules  more  complex  than  LiB02..  To  determine  whether  the 
L1|B02‘''  ions  are  molecular  or  fragmentary,  the  ion  velocity 
distribution  was  studied  by  the  deflecting  condenser  method  [6]. 
Silver  was  put  together  with  the  substance  under  investigation 
into  th<*  effusion  (nickel)  chamber.  Since  Ag'*’  ions  are  formed 
almost  completely  by  ionization  of  silver  atoms,  the  Ag"*” 
velocity  distribution  in  the  ion  beam  corresponds  to  a  Maxwellian 
distribution  for  neutral  atoms  at  the  temperature  of  the  effusion 
chamber.  The  form  of  the  disuibution  curve  for  one  velocity 
component  (see  Hgure)  at  a  given  accelerating  voltage  and 
constant  temperature  in  the  effusion  chamber  is  independent  of 
the  ionic  mass  (see  figure).  Therefore  the  fact  that  the 
relative  intensity— deflecting  potential  curves  for  Ag*  and  LiB02'*’ 
iotu  coincide  indicates  that  the  LiB02'^  ion  is  formed  from  the 
LiB02  molecule,  i.e.,  it  is  a  molecular  ion.*  Broadening  of  the 
corresponding  curve  for  Li2B02'*'  ions  indicates  that  they  have 
additional  kinetic  energy,  which  is  characteristic  of  fragmentary 
Ions.  Evidently  the  Li2B02'*'  ion  is  formed  by  dissociative  ioni¬ 
zation  of  a  more  complex  molecule  (possibly  LisB02). 

The  mass  spectrum  of  superheated  vapor  could  be  recorded  with  the  use  of  a  double  effusion  chamber  [7,  8]. 
It  was  found  that  the  content  of  Li2B02^  ions  falls  sharply  in  the  mass  spectrum  of  superheated  vapor  (to  a  few 
percent  of  the  LiB02'*’  intensity  at  100*  superheating).  The  results  lead  to  the  conclusion  that  the  saturated  vapor 
above  lithium  and  sodium  metaborates  is  a  complex  composition ;  one  component  is  undoubtedly  a  molecule  of 
the  MeB02  type,  while  the  other  is  at  present  undetermined  and  is  to  be  investigated.  The  mass  spectrum  of 
superheated  lithium  metaborate  vapor  indicates  that  in  this  case  the  principal  component  of  the  vapor  b  the  LiBOi 
molecule. 


Variations  of  relative  intensity  with  the 
deflecting  potential:  1)  For  Ag^  ions; 
2)  for  LiB02'*’  ions;  3)  for  Li2B02'*^  ions. 
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Mass  Specttum  of  Lithium  Metaborate  Vapor  at  About  70(f 
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A  NEW  MODIFICATION  OF  POTASSIUM  MONOURANATE  6 -K,U04 
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It  was  shown  earlier  [1]  that  the  sDucture  of  potassium  monourate  belongs  to  the  K^NiF^  type.  The  structure 
of  KxNiF4  was  determined  by  Balz  and  Plieth  [2].  We  found  that  prolonged  heating  of  a-KsU04  (structure  type 
K2NiF4)  at  900*  in  air  leads  to  formation  of  a  new  phase,  6-KjU04*.  All  the  more  or  less  strong  lines  in  the  x-ray 
pattern  of  the  new  phase  can  be  indexed  on  the  assumption  of  a  cubic  unit  cell  with  a  =  4.311  ±0.003  kX  (see 
oble).  However,  a  large  number  of  weak  lines  does  not  fit  into  the  unit  cell,  so  that  the  latter  is  probably  a 
subcell. 

It  is  interesting  to  note  that  a  cubic  modification  was  abo  found  for  K2NIF4  [4].  In  both  cases  *4  A2BX4 
formula  unit  corresponds  to  the  unit  cell.  Therefore  structures  of  the  same  type  are  formed  in  both  cases,  and 
the  suggestion  [4]  that  K  and  F  atoms  in  K2NiF4  are  close-packed  (and  dbtributed  at  random  over  the  close¬ 
packing  positions)  applies  to  a  considerable  extent  to  potassium  uranate.  The  presence  of  supersaucture  lines  in 
the  x-ray  panern  indicates  that  there  b  nevertheless  some  degree  of  order. 

In  the  case  of  the  uranate  of  the  composition  K4UOt  a  cubic  subcell  with  a  =  4.29  kX  was  abo  found  [3], 
but  the  supenmicture  lines  do  not  correspond  to  those  of  B-K2UO4.  It  b  reasonable  to  assume  that  the  structure 
of  K4U0^,  like  that  of  B-K2UO4,  contains  potassium  and  oxygen  atoms  in  closest  packing,  and  their  arrangement 
b  close  to  random.  Thb  accounts  for  the  similarity  of  the  subcell  constants  of  the  two  uranates  and  for  the 
presence  of  various  superstructure  lines. 

*Tbe  composition  of  the  uranate  remained  unchanged,  since  ib  weight  was  almost  consunt  and  phases  of  other 
K:  U  ratio  were  not  detected  by  x-ray  diffraction  [3]. 
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X-Ray  Pattern  of  6-K|U04* 


1 

^^'^eas 

1 

Bi 

B 

Ukl 

3 

540 

100 

538 

5 

4311 

220 

4304 

1 

935 

2 

4596 

_ 

8 

1076 

no 

1076 

6 

4853 

221 

4842 

Vs 

1243 

1 

5131 

v« 

1392 

7 

5382 

310 

5380 

I 

1617 

111 

1614 

•/s 

5533 

— 

— 

1 

1879 

— 

— 

1 

5668 

_ 

_ 

Vs 

1963 

— 

— 

2 

5757 

— 

— 

Vs 

2082 

— 

— 

4^^ 

5934 

311 

5918 

4 

2154 

200 

2152 

4^^ 

6462 

222 

6456 

1 

2442 

— 

— 

2** 

6719 

— 

— 

2 

2511 

— 

— 

k** 

6993 

320 

6994 

8^^ 

2687 

210 

2690 

2** 

7256 

— 

— 

v« 

2755 

— 

— 

10 

7531 

321 

7532 

8 

3232 

211 

3228 

t 

8480 

— 

— 

2 

3454 

— 

— 

3^^ 

8629 

400 

8608 

1 

3712 

— 

— 

10 

9152 

410 

9146 

1 

3781 

— 

— 

10 

9986 

330 

0684 

•For  convenience  in  construction  of  the  scale  1^:13  =  5:  1. 
•  •Broad  lines. 


LITERATURE  CITED 

1.  L.  M.  Kovba,  E.  A.  Ippolitova,  Yu.  P.  Simanov,  and  Vikt.  I.  Spitsyn,  Doklady  Akad.  Nauk  SSSR  120,  1042 
(1958). 

2.  D.Balz  and  K.  Plieth,  Z.  Elektrochem.  59,  545  (1955). 

3.  K.  M.  Efremova,  E.  A.  Ippolitova,  and  Yu.  P.  Simanov,  Collection:  Investigations  in  the  Field  of  Uranium 
Chemistry,  edited  by  Vikt.  I.  Spitsyn  [in  Russian]  (Izd.  MGU,  1961)  p.  39. 

4.  M.  A.  Porai-Koshits,  Trudy  In-ta  Kristallogr.  Akad.  Nauk  SSSR  117  (1954). 


CERTAIN  ARTIFICIAL  MIXED  CARBONATES  OF  THE  CALCITE  STRUCTURE  TYPE 
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March-April,  1961 

Original  article  submitted  September  20,  1960 

It  was  shown  earlier  [1]  that  a  continuous  isomorphous  CaC03-MnC03  series  can  be  obtained  by  direct 
precipiution  from  solutions  at  temperatures  below  100*  under  atmospheric  pressure.  This  result  is  somewhat 
unexpected  in  view  of  the  existing  data  on  the  break  in  the  series  of  native  mixed  calcium-manganese 
carbonates  [2,  3]  and  of  certain  experimental  data  [4,  5].  The  exbtence  of  limits  of  mutual  substitution  is  all 
the  more  likely  in  such  series  as  CaC03— FeC03  and  MgC03— MnC03,  where  the  differences  between  the  cation 
radii  are  greater  than  for  the  Ca— Mn  pair,  and  are  30  and  23%  respectively  relative  to  the  smaller  ion  [6].  In 
fact,  published  experimental  data  [7]  indicate  that  the  solubility  of  FeC03  in  CaC03  is  very  limited  even  at  7O0r. 
According  to  [8]  no  natural  isomorphous  mixtures  of  CaC03  and  FeC03  in  the  range  from  21  to  79%  CaC03  by 
weight,  or  of  MgC03  and  MnC03  in  the  range  from  12  to  63%  MnC03  by  weight  have  been  discovered  in  nature. 
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TABLE  1 

Unit  Cell  Constants  of  Artificial  Mixed  Carbonates  in  the  CaCOj-FeCOj 
Isomorphous  Series 
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X-ray  powder  diagrams  of  artificial  carbonates  (Fe  radiation):  a)  Pure  FeCOj;  b)  mixed  car 
bonate  in  the  CaCOj— FeC03  series,  containing  76  mole  ^FeCOj;  c)  pureMgC03;  d)  mixed 
carbonate  in  the  MgC03— MnC03  series,  containing  ~  55  mole  ‘7oMgC03. 


We  attempted  to  prepare  mixed  carbonates  of  these  series  by  precipitation  from  solutions.  The  methods 
used  for  preparation  and  investigation  of  the  mixed  carbonates  were  essentially  similar  to  those  described  earlier 
for  the  CaC03—MnC03  series  [1],  As  before,  a  necessary  condition  for  the  formation  of  mixed  carbonates  was 
gradual  addition  of  mixed  chloride  solutions  to  excess  sodium  carbonate  solution.  In  the  series  CaC03— FeC03  we 
prepared  six  mixed  carbonates  of  different  composition  and  investigated  them  by  the  x-ray  method.  To  protect 
freshly  prepared  ferrous  carbonate  from  oxidation,  the  precipitates  were  washed  and  dried  in  a  stream  of  carbon 
dioxide  in  the  vessel  used  for  the  precipitation.  Senarmont's  method  [9]  was  used  for  preparation  of  FeC03  free 
from  calcium.  The  x-ray  patterns  of  the  mixed  carbonates  (see  figure)  correspond  to  the  calcite  structure  type 
with  a  gradual  change  in  the  dimensions  of  the  unit  cell.  Table  1  shows  that  mixed  carbonates  of  almost  any 
composition  can  be  prepared  in  the  CaC03— FeC03  series.  The  constants  c  and  a^jj  in  this  series  are,  in  the  first 
approximations,  linear  functions  of  the  composition  of  the  mixed  carbonate.  In  the  MgC03 — MnC03  series  mixed 
carbonates  with  structure  of  the  calcite  type  could  also  be  prepared  by  a  similar  method,  although  pure  neutral 
magnesium  carbonate  cannot  be  obtained  unoer  these  conditions. 

Determination  of  the  chemical  composition  of  magnesium -containing  mixed  carbonates  presents  difficulties 
owing  to  the  complex  phase  composition  of  the  precipiutes.  For  example,  in  the  region  of  high  magnesium 
concentrations  the  precipitate  contains  basic  magnesium  carbonate  in  addition  to  the  mixed  carbonate,  and  in  the 
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region  of  high  manganese  concentrations  the  x-ray  patterns  often  reveal  the  presence  of  two  rhomhohcdral  phases 
of  different  compositions,  which  varies  greatly  with  the  precipitation  conditions.  We  therefore  consider  approxi¬ 
mate  evaluation  of  the  composition  of  a  mixed  carbonate  by  the  values  of  the  unit  cell  constants  c  or  ajj,  to  be 
more  reliable  than  chemical  analysis  (use  was  made  of  the  fact,  found  for  other  series  of  mixed  carbonates,  that 
tficse  constants  vary  almost  linearly  with  composition;  see  above).  Table  2  contains  compositions,  calculated 
from  the  linear  law,  of  three  samples  of  artificial  mixed  carbonates.  It  Is  seen  that  they  can  have  the  most  diverse 
compositions.  Including  an  MgC03~MnC0j  ratio  close  to  1;  1. 

TABLE  2 


Unit  Cell  Constants  and  Calculated  Chemical  Composition  of 
Artificial  Mixed  Carbonates  In  the  MgCOj-MnCO)  Series 
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It  follows  from  all  the  above  that  the  possibilities  of  formation  of  mixed  carbonates  of  the  calclte  type  by 
precipitation  are  much  wider  than  expected  in  accordance  with  the  Goldschmidt  rule  [6]  or  from  studies  of  native 
compounds.  The  isomorphous  substitutions  observed  in  high-temperature  experiments  under  high  CO]  pressures  ako 
have  much  narrower  limits.  It  must  be  assumed  that  our  artificial  carbonates,  stable  under  laboratory  conditions, 
are  at  the  same  time  unstable  thermodynamically  [7].  At  high  temperatures,  and  possibly  also  at  moderate 
temperatures  with  long  exposures,  such  systems  should  pass  Into  a  tliermodynamically  stable  state  with  decompo¬ 
sition  into  two  carbonate  phases  differing  in  composition  and  in  equilibrium  with  each  other.  Statistically  random 
mutual  replacement  of  the  cations  in  our  artificial  carbonates  is  evidently  favored  by  the  preparation  conditions, 
and  primarily  by  the  presence  of  excess  precipitant  throughout  the  precipitation.  In  experiments  in  which  sodium 
carbonate  was  added  to  the  dissolved  chlorides  individual  carbonates  were  precipitated;  this  was  to  be  expected 
in  view  of  their  different  solubilities. 
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Boron  alloys  of  all  the  rare-earth  metals  except  thulium  and  promethium  are  now  known.  All  these  metals 
form  borides  of  the  composition  MeB^,  and  in  most  cases  alsoMeB^.  The  criteria  for  possible  formation  of  metal 
hexaborides  were  established  in  [1]  and  it  was  shown  that  the  probability  and  ease  of  their  formation  are  deter¬ 
mined  primarily  by  the  magnitude  of  the  first  and  second 
ionization  potentials  of  the  meul.  The  ionization  potentials 
of  thulium  are  unknown  at  present,  but  the  position  of  thulium 
in  the  rare-earth  series  suggests  that  its  first  ionization  poten¬ 
tial  is  about  6.8  ev. 

In  this  investigation  we  studied  the  possibility  of  thulium 
boride  formation  by  reduction  of  thulium  oxide  with  boron, 
with  simultaneous  formation  of  the  boride  [2].  The  advantage 
of  this  method  over  others  [3]  lies  in  the  purity  of  the  product 
obtained. 

The  x-ray  phase  analysis  of  the  substances  prepared  in 
the  1600-1900*  range  was  performed  by  the  powder  method 
with  copper  radiation  in  cameras  150  mm  in  diameter;  it  was 
found  that  in  a  mixture  of  two  phases  is  formed:  thulium 
hexaborides  and  tetraboride,  with  structures  characteristic  of 
rare-earth  borides.  X-ray  diffraction  data  for  the  product 
formed  at  1900*  are  given  in  the  table. 
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X-Ray  Diffraction  Dau  for  Thulium  Boride 
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— 
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36*26' 
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412 

310 

74’07' 

w. 

742 

— 

37*11' 

v.w. 

332 

— 

79  38' 

v.w. 

723 

— 

Lo  Pr  fm  Eu  Tb  Ho  Tu  Lu 
Ce  Nd  Sin  Cd  Dy  Er  »b 

Dependence  of  the  lattice  constants  of  rare- 
earth  borides  on  the  atomic  number:  1) 
Hexaborides;  2)  tetraborides  (constant  a); 
3)  tetraborides  (constant  c). 
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The  lattice  coostatits  are  a  =  4.102  kX  for  thulium  hexaborldc  (cubic  lattice)  and  a  =  7.04,  c  =  3.98  kX  for 
the  tetraboride  (hexagonal  lattice).  These  values  fit  well  into  the  general  relationship  between  the  lattiee  constants 
of  a  rare-earth  hexa-  and  tetraborides  and  the  atomic  numbers  of  the  metals  (see  figure)  and  emphasise  the 
metallic  character  of  the  bonds  in  hexaborides  and  the  ionic  character  in  tetraborides  of  rare-earth  metals  [4]. 

An  Individual  phase  of  the  composition  TuB,  was  not  obtained.  Similar  results  were  obtained  in  preparation 
of  alloys  of  dysprosium,  holmium,  and  lutecium  with  boron  [5).  This  confirms  the  relatively  high  values  of  the 
ionizadon  potentials  of  thulium,  which  arc  c  lose  to  the  boundary  values  (6.8  ev  for  the  first  and  12  ev  for  the 
second  ionization  potential)  at  which  formation  of  metal  hexaborides  is  possible  but  involves  considerable  experi¬ 
mental  difficulties. 
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1.  Nuclear  quadrupole  resonance  (NQR)  provides  a  good  method  for  studies  of  phase  transitions  in  the  solid 
state,  because  changes  of  crystal  structure  lead  to  appreciable  modifications  in  the  quadrupole  spectrum.  If  the 
specaum  is  of  the  one-component  type  then  a  phase  transition  alters  the  position  of  the  NQR  line.  If  the  substance 
studied  gives  a  multiplet  NQR  spectrum,  then  a  phase  transition  may  lead  both  to  frequency  shifts  and  to  changes 
in  the  number  of  coinponents  of  the  spectrum. 

The  first  case  b  found  with  p-dichlorobenzene  [1],  which 
gives  two  NQR  lines  in  the  32-50*  range:  at  32*,  in  addition  to  the 
line  corresponding  to  NQR  in  the  a -phase,  a  0 -phase  line  appears, 
shifted  by  26.37  kc/sec  into  the  region  of  lower  frequencies:  as  the 
temperature  rises  the  change  in  the  relative  intensities  of  these 
lines  becomes  more  rapid;  at  50*  the  transition  lasts  a  few  minutes. 
Chloranil  is  apparently  an  example  of  the  second  case.  Our 
investigations  showed  that  the  NQR  spectrum  of  chloranil  has  four 
components  at  7TK,  and  two  at  290*K  [2].  It  is  highly  probable 
that  a  phase  transition  occurs  in  this  temperature  range.  A  thermo¬ 
graphic  investigation  of  chloranil,  carried  out  by  V.  M.  Kozin  in 
our  laboratory,  indicated  that  there  may  be  a  phase  transition  at 
about  240rK,  but  the  sensitivity  of  this  method  proved  inadequate 
for  conHdent  conclusions. 


NQR  of  two  crystalline  phases  in  0.8  g 
of  p-dichlorobenzene.  Frequency 
decreases  from  left  to  right. 
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2.  The  phase  transition  In  p-dlchlorobenzenc  Is  extremely  slow  at  room  temperature,  and  It  Is  therefore  very 
convenient  for  studying  by  the  NOR  method.  Even  If  the  spectrum  Is  recorded  by  the  narrow-band  method  the 
observation  time  Is  short  In  comparison  with  the  time  required  for  the  phase  transition.  The  recording  method 
makes  It  possible  to  compare  the  amplitudes  of  the  NOR  lines  for  the  a-  and  6  -phases  with  sufficient  accuracy. 
The  amplitude  ratio  A<x/(Ajj  ♦  Ag)  directly  gives  the  percentage  content  of  the  a-phase  In  the  specimen  at  the 
iiutant  of  observation.  The  figure  shows  a  trace  of  the  NQR  spectrum  of  a  p-dlchlorobenzene  specimen  weighing 
0.8  g,  containing  the  high -temperature  and  low-temperature  phases.  For  this  trace  A^/fAc^  Ag)  =  0.83  i  0.03. 
Thus,  by  repeating  such  measurements  at  constant  temperature  at  equal  time  intervals.  It  Is  possible  to  study  die 
kinetics  of  phase  transition  with  fairly  high  accuracy. 

3.  We  used  this  method  for  studying  the  kinetics  of  phase  transition  In  pure  p-dichlorobenzene  and  in 
p-dlchlorobenzene  Irradiated  with  soft  y  -radiation.  A  somewhat  unexpected  result  was  obtained:  the  phase 
transition  was  approximately  10  times  as  rapid  in  pure  p-dlchloroben^ene  as  In  the  specimen  exposed  to  a  dose 
of  ~l(f  rad. 

Interpretation  of  this  result  requires  the  use  of  concepts  relating  to  the  mechanism  of  the  phase  transition, 
which  are  as  yet  beyond  the  scope  of  the  experimental  results.  If  It  Is  considered  In  accordance  with  [3]  that 
y  -radiation  spoils  the  surface  of  the  crystal  blocks  and  at  the  same  time  fills  the  voids  in  the  crystal  with  badly 
packed  radiolysis  products,  then  to  account  for  the  retardation  of  the  phase  transition  under  the  Influence  of 
radiation  it  must  be  assumed  that  the  transition  b  cooperative  in  character. 

I  thank  A.  I.  Kitalgorodskii  for  constant  interest  in  the  work  and  for  dbcussion  of  the  results,  and  B.  L. 

Tsetlln  for  help  in  bradlatlon  of  the  specimen. 
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Baer  and  Dean  [1]  have  reported  an  interesting  method  for  investigation  of  molecular  crystab.  They 
measured  frequency  shifts  of  nuclear  quadrupole  resonance  (NQR)  of  p-dichlorobenzene.  Introduced  in  small 
amounts  as  an  admixture  in  the  substance  under  investigation.  The  main  defect  of  thb  work  [1]  was  absence  of 
control  of  the  formation  of  a  solid  solution.  Moreover,  Baer  and  Dean's  data  on  the  magnitude  of  the  NQR 
frequency  shifts  of  p-dichlorobenzene  dissolved  in  p-xylene  (from  100  to  400  kc/sec)  gave  rbe  to  doubts.  Indeed, 
the  p-xylene  molecule  b  similar  in  form  to  the  p-dichlorobenzene  molecule,  but  b  0.6  A  longer  than  the  latter 
[2]. 

It  follows  from  our  data  [3]  that  when  small  molecules  are  dbsolved  among  large  molecules  large  changes 
in  the  NQR  frequency  of  the  small  molecules  are  unlikely.  It  was  evident  that  the  formation  of  solid  solutions  In 
experiments  of  thb  kind  can  be  reliably  establbhed  if  both  types  of  the  molecules  investigated  exhibit  quadrupole 
absorption.  We  therefore  decided  to  investigate  by  the  NQR  method  the  formation  of  solid  solutions  in  the  system 
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p-dlchlorobcnzcne~plcryl  chloride,  which  has  not  been  previously  studied  by  this  method.  A  sample  containing 
C  =  3,5  molar  %  of  p-dichlorobcnzcnc  in  plcryl  chloride  was  prepared.  The  amplitude  A  of  the  NQR  signal  of 
picryl  chloride  was  halvcdand  fitted  satisfactorily  on  the  usual  A  -  /(C)  curve  [3].  This  Is  weighty  evidence  that 
most  of  the  p-dichiorobenzene  molecules  entered  the  picryl  chloride  lattice.  The  NC?R  frequency  of  p*dlchIoro- 
benzene  was  measured  by  the  reference-standard  method  [3,  4].  It  was  found  that  the  NOR  frequency  of  p-dlchloro- 
benzene  molecules  surrounded  by  picryl  chloride  molecules  docs  not  differ  by  more  than  *5  kc/sec  from  the 
NQR  frequency  in  pure  p-dichlorobcnzenc  crystals.  This  Is  all  the  more  interesting  because  the  picryl  chloride 
molecules  contain  NOj  groups  with  very  large  dipole  moments.  The  fact  that  the  NOR  frequency  of  p-dichloro- 
benzene  remains  virtually  constant  when  it  enters  an  alien  lattice  indicates  that  surrounding  of  a  resonating 
molecule  by  electric  dipoles  has  little  influence  of  quadrupole  absorption  of  molecular  crystals. 

A  ”20  kc/sec  shift  in  the  frequency  of  p-dichlorobcnzenc  dissolved  at  10  molar  %  concentration  of 
p-xylcnc  was  observed  by  a  similar  method.  The  sign  of  this  shift  corresponds  with  the  prediction  of  the  simple 
model  described  in  [3],  if  it  is  assumed  that  the  effective  charge  causing  the  electric  field  gradient  moves  away 
from  the  atomic  nucleus  with  increase  of  the  volume  available  forthe  Cl  atom  in  the  crystal. 

I  thank  A.  I.  Kitaigorodskii  for  constant  attention. 
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X-ray  investigations  [1]  of  molecular  compounds  of  a  number  of  organic  substances  of  1: 1  composition 
showed  that  the  intermolecular  radii  of  the  atoms  comprising  the  molecules  of  these  compounds  do  not  differ  to 
any  significant  extent  from  the  corresponding  radii  in  molecules  of  the  pure  components. 

It  was  of  interest  to  compare  the  quadrupole  resonance  frequencies  in  a  molecular  compound  of  this  type 
and  in  one  of  the  pure  components.  The  substances  chosen  for  the  investigation  were  picryl  chloride  and  its  1:  1 
molecular  compounds  with  naphthalene,  acenaphthene,  phenanthrenc,  and  fluorene  [2]. 

According  to  (3),  the  NQR  frequency  of  picryl  chloride  at  77*K  is  39.367  M  c/sec.  Our  measured  value  of 
the  NQR  frequency  of  picryl  chloride  at  291*K  was  38.795  i0.05  Mc/sec,  The  search  for  the  NQR  signal  in 
molecular  compounds  was  carried  out  at  77*K  in  the  frequency  range  from  38.4  to  40.4  Mc/sec.  In  this  frequency 
range  a  signal  of  l/jO  the  strength  in  pure  picryl  chloride  could  be  detected  with  confidence;  however,  in  none 
of  the  four  compounds  could  a  signal  be  detected  over  a  considerable  period  of  time. 

We  attributed  the  absence  of  a  signal  to  a  certain  static  disorder  in  the  crystal  lattice  of  the  molecular 
compound:  when  crystals  are  formed  from  pairs  of  molecules  differing  sharply  in  shape  and  size,  small  deviations 
of  the  molecules  from  their  positions  in  the  ideal  crystal  lattice  occur.  Therefore  the  Cl  atoms,  which  should  be  in 
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itrictly  similar  environments  In  the  Ideal  lattice,  cease  to  be  equivalent.  It  Is  noted  In  [4,  5]  that  lattice  disorder 
which  is  almost  imperceptible  by  diffraction  methods  of  structure  analysis  may  lower  sharply  the  signal  amplitude 
In  nuclear  quadrupole  resonance.  We  therefore  attempted  to  bring  the  suucture  of  our  molecular  compounds 
closer  to  the  equilibrium  state  by  means  of  very  slow  crystallization  and  prolonged  annealing  at  temperatures 
close  to  the  melting  points.  After  such  treatment,  continued  for  two  days,  we  succeeded  In  obtaining  a  strong 
NQR  signal  in  the  molecular  compound  (1:  1)  of  plcryl  chloride  with  naphthalene.  The  frequency  was  39.9315 
iO.05  Mc/sec  at  77*K  and  39.1300  i0.05  Mc/sec  at  29rK.  Thus,  the  frequency  shift  of  the  molecular  compound 
in  comparison  with  pure  plcryl  chloride  lies  at  the  boundary  between  the  values  of  the  crystal  and  chemical 
effects  in  the  NQR  spectra  of  aromatic  molecules.  The  absence  of  Intermolecular  contractions  and  the  low  heats 
of  formation  are  in  good  agreement  with  this  result,  which  Indicates  weak  bonding  between  the  component 
molecules  of  this  compound.  We  consider  that  It  is  not  necessary  to  bring  the  mechanism  of  charge  transfer  Into 
the  explanation  of  the  observed  shlfu. 

The  observed  difference  between  the  tempera ture~NQR  frequency  relationships  of  the  molecular  compound 
and  pure  picryl  chloride  indicates  appreciable  changes  in  the  lattice  dynamics  on  formation  of  the  1:  1  compound. 

A  very  important  fact,  in  our  opinion,  is  the  rapid  increase  in  the  perfection  of  the  crystal  structure  during 
heat  treatment,  sufficient  to  allow  for  detection  of  the  previously  Invisible  NQR  signal.  It  Is  possible  that  this 
technique  would  extend  considerably  the  range  of  substances  which  can  be  investigated  by  the  NQR  method. 
Unfortunately  the  heat  treatment  which  proved  adequate  for  the  plcryl  chloride*- naphthalene  compound  was 
without  results  for  the  other  three  compounds.  Additional  investigations  are  needed  In  order  to  establish  whether 
this  failure  is  due  to  structural  peculiarities  of  acenaphthene,  phenanthrene,  and  fluorene  in  comparison  with 
naphthalene,  or  whether  it  is  associated  with  the  presence  of  impurities. 
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This  survey  touches  upon  the  following  topics:  the  role  of  crystal-chemical  investigations  in  coordination 
chemistry;  the  specific  features  of  structure  investigations,  significant  for  appreciation  of  the  potentialities  of 
this  method;  the  results  of  investigations  characterizing  the  mutual  arrangement  of  complex  and  atomic  ions  or 
complex  molecules  in  crystals;  structure  data  on  complexes.  An  attempt  is  made  to  formulate  certain  general 
stereochemical  conclusions  which  follow  from  x-ray  structure  studies  of  complex  compounds.  These  conclusions 
refer  to  the  diversity  of  coordination  polyhedrons,  regular  deformations  of  their  shape,  detection  of  new  forms  of 
isomerism,  the  existence  of  complexes  with  multiple  bonds,  the  presence  of  additional  bonds  between  complexes, 
and  a  number  of  other  subjects. 

The  crystal  chemistry  of  complex  compounds  of  group  8  elements  is  considered  most  fully.  The  dependence 
of  the  structure  of  a  complex  on  that  nature  of  the  central  atom  and  the  ligands  is  analyzed;  the  analogy  in  the 
structure  of  coordination  polyhedrons  of  different  elements  in  separate  groups  of  compounds  is  demonstrated. 

*  *  * 

Some  General  Questions 

I.  In  a  discussion  of  the  presentstate  of  crystal-chemical  research  on  complex  compounds  at  least  three 
different  aspects  of  the  problem  may  be  considered: 

1.  Role  of  crystal-chemical  research  in  coordination  chemistry. 

2.  The  methodological  aspect  ~  the  principal  techniques  of  modem  structural  analysis  and  its  special 
features  in  relation  to  complex  compounds. 

3.  The  fundamental  results  obtained  in  the  crystal  chemistry  of  complex  compounds  in  recent  years. 

The  first  of  these  aspects,  considered  in  detail  byG.  B.  Bokiifl],  does  not  require  detailed  analysis  or 
illustration.  The  role  of  crystal  chemistry  (or,  more  accurately,  of  structural  diffraction  methods)  in  coordination 
chemistry  may  be  concisely  formulated  as  follows.  Structure  data  make  it  possible  to  determine  the  symmetry 
of  complexes,  their  coordination  numbers  and  spatial  configuration,  to  elucidate  the  individuality  of  ligands  and 
the  manner  of  their  attachment  to  central  atoms,  to  investigate  individual  cases  of  isomerism  and  polymerism,  to 
identify  bridge  groups,  to  distinguish  between  molecular  and  nonmolecular  compounds,  and  to  determine  the 
orientation  and  relative  positions  of  complex  ions  and  molecules  in  the  crystal  lattice.  A  matter  of  special 
importance  is  the  possibility  of  determining  the  real  suuctural  elements  in  a  chemical  compound,  which  are  often 
much  more  complex  than  those  attributed  to  the  substance  on  the  basis  of  chemical  reactions  only.  Finally, 
structure  analysis  introduces  a  quantitative  element  into  stereochemistry  —  it  makes  possible  the  determination  of 
bond  lengths  and  bond  angles,  which  is  especially  important  in  discussions  of  ptoblems  relating  to  the  chemical 
bond,  bond  multiplicity,  and  uans  influence  problems. 

n.  The  methodological  aspect  of  crystal  structure  research  is,  in  general,  of  no  great  interest  to  the 
chemist.  However,  it  is  important  to  have  a  clear  idea  of  the  conditions  to  which  subsunces  passed  to  the  x-ray 
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structure  laboratory  for  investigation  must  conform,  and  of  the  extent  to  which  the  results  of  the  investigation  are 
objective.  It  should  be  noted  that  in  this  respect  there  is  often  a  great  lack  of  clarity,  leading  sometimes  to 
excessive  optimism  and  sometimes  to  unjustified  dbappointment  in  the  potentialities  of  x-ray  structural  analysis. 

In  particular.  J.  C.  Bailar's  well-known  book  "Chemistry  of  the  Coordination  Compounds"  [2]  contains  a  number 
of  incorrect  assertions  which  seriously  mislead  the  reader*.  It  is  therefore  desirable  to  consider  some  aspects  of 
methods  relating  to  the  above-mentioned  problems. 

Single  crystals  with  linear  dimensions  of  0.1 -1.0  mm  are  necessary  for  x-ray  structural  analysis.  The  powder 
method  is  not  suitable  for  structural  analysis  of  coordination  compounds  of  any  degree  of  complexity.  The  appli¬ 
cability  region  of  this  method  is  confined  mainly  to  phase  analysis  of  the  specimen  and  establishment  of  isomor¬ 
phism  of  chemically  analogous  compounds.  In  this  respect  the  powder  method  is.  of  course,  more  convenient  than 
any  other. 

Structural  analysis  still  remairua  laborious  form  of  investigation  requiring  much  time,  despite  the  invention 
of  instruments  for  automatic  measurement  and  the  use  of  high-speed  computers  for  analysis  of  the  results.  There¬ 
fore  it  is  as  yet  impossible  to  subject  all  complex  compounds  one  after  the  other  to  structural  analysis.  However, 
in  future  the  possibilities  of  structural  analysis  are  likely  to  be  considerably  extended,  and  therefore  radical  changes 
in  the  approach  to  studies  of  the  chemical  structure  of  coordination  compounds  can  be  expected. 

Differences  between  the  atomic  numben  of  elements  constituting  a  given  compound  ("the  heavy  atom 
method")  are  widely  used  in  analysis  of  crystal  structure.  It  is  therefore  always  desirable  that  a  compound  should 
contain,  in  addition  to  the  central  metal  atom  (generally  of  relatively  high  atomic  number),  certain  other 
elements  of  higher  atomic  weights  than  the  rest.  In  this  respect  thiourea,  thioethers,  and  thioalcohols  are  more 
convenient  ligands  than  their  oxygen  analogs;  in  presence  of  ligands  such  as  NOj,  NOs,  CN,  NO,  NHj,  H2O  the 
simultaneous  presence  of  Cl,  Br,  thiocyanate  groups,  etc.,  is  desirable. 

The  isomorphous  substitution  method  is  of  great  importance  in  structural  analysis.  It  is  always  desirable 
to  carry  out  parallel  investigations  of  several  isomorphous  compounds;  for  example,  chlorine  and  bromine  analogs, 
or  ammonium,  potassium,  rubidium,  and  cesium  salts,  or  compounds  of  analogous  composition  with  different 
complex -forming  atoms. 

It  is  considerably  easier  to  study  a  crystal  if  it  has  a  center  of  symmetry.  This  has  been  a  classic  position 
of  structural  analysis  until  very  recently.  However,  development  of  the  method  with  the  use  of  anomalous  scattering 
of  x-rays  has  introduced  a  radical  change.  This  method  (especially  in  conjunction  with  isomorphous  substitution) 
is  most  fruitful  with  noncentrosymmetrical  crystals,  which  are  in  most  cases  characteristic  of  compounds  with 
asymmetric  complexes  (cis  isomers,  optically  active  complex  compounds).  The  structural  investigation  whereby 
the  absolute  configuration  of  the  optically  active  [CoEnjj  ^  complex  [3]  was  of  importance  in  principle  for  the 
wide  use  of  this  method. 

Of  the  three  diffraction  methods  (x-ray,  elecuon  diffraction,  and  neutron  diffraction)  for  the  investigation 
of  crystals,  the  first  is  incomparably  more  powerful  than  the  others  because  of  a  number  of  features  of  method  and 
technique,  both  with  respect  to  accuracy  of  the  results.  The  other  two  methods  have  the  advantage  only  in  that 
hydrogen  atoms  can  be  located,  and  the  neutron  diffraction  method  also  makes  it  possible  to  distinguish  between 
atoms  close  in  atomic  number. 

Modern  structural  analysis  is  not  essentially  a  trial  and  error  method  which  requires  a  postulated  structure 
model.  This  is  due,  on  the  one  hand,  to  purely  crystallographic  limitations  (symmetry)  imposed  on  the  atomic 
arrangement,  and  on  the  other,  to  the  richness  of  the  diffraction  effect,  so  that  a  number  of  deductive  inter¬ 
pretations  methods  which  do  not  require  model  concepts  have  been  developed.  One  of  the  most  characteristic 
examples  of  direct  determinations  of  molecular  shape  was  analysis  of  decaborane,  BjoHi^,  which  revealed  a 
toully  unusual  "basket"  configuration  of  the  molecule. 

*In  particular,  in  the  section  which  deals  specially  with  the  technique  of  x-ray  investigations  it  is  asserted  that 
the  powder  method  is  the  most  rapid  and  simplest  method  of  analysis,  that  full  mathematical  analysis  of  the 
diffraction  data  is  generally  unnecessary  for  establishing  the  structure  of  molecules,  and  that  the  usual  course  of 
a  structure  investigation  consists  of  the  assignment  of  an  arbitrary  structure  to  the  crystal  with  subsequent 
comparison  of  the  corresponding  calculated  x-ray  data  with  the  experimental  pattern.  All  these  three  points  are 
inaccurate,  to  say  the  least. 
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It  can  thi;rcforc  be  claimed  with  every  Justification  that  structurai  anaiysis  b  decisive  for  drawing  stcreo- 
chemicai  conclusions;  it  decides  the  choice  between  the  various  (often  contradictory)  tesuits  which  foilow  from 
data  obtained  by  other  methods.  A  few  exampies  may  be  given.  It  was  conciuded  from  refractometric  data  that 
in  CsgCuCli.the  [CuCLff  *  ion  has  pianar  structure  [4],  Structurai  investigation  showed  that  this  ion  has  distorted 
tetrahedrai  configuration  [5].  Appiication  of  the  oxaiate  method  to  Erdmann's  sait  K[Co(Nil3)t(NO|)4]  indicated 
that  the  complex  ion  (CrXNMsJjfNOxXtl'  has  the  cis  structure  [6,  7].  On  the  other  hand,  anaiysis  of  the  absorption 
spectrum  [8]  and  the  reaction  with  ethyienediamine  [9]  suggested  the  trans  configuration.  Structurai  investigation 
[10,  11]  showed  that  the  iatter  is  in  fact  correct.  By  pureiy  chemicai  data,  the  sait  of  the  composition  K  RuC%Oi! 
was  regarded  as  the  anaiog  of  potassium  chloropiatinate.  In  reality  this  compound  is  a  binucieate  monohydrate 
with  an  oxygen  bridge,  K4[Cl6Ru“0~RuCl5]*H20;  this  was  demonstrated  by  structural  investigation  [12].  Different 
physicochemical  methods  gave  contradictory  results  with  regard  to  the  question  as  to  the  atom  (nitrogen  or  sulfur) 
by  which  the  thiocyanate  group  is  attached  to  the  transition  metals  Cr,  Co,  and  Ni.  Structural  investigations  of 
a  number  of  salts  showed  that  the  metal— thiocyanate  bond  is  effected  through  the  nitrogen  atom  (13  -24J.  Other 
examples  of  the  decisive  significance  of  direct  structural  Investigations  will  be  given  later  in  this  paper. 

The  importance  of  crystal -chemical  investigations  in  the  chemistry  of  complex  compounds  is  emphasized 
by  the  fact  that  it  is  in  this  branch  of  chemistry  more  than  in  any  other  that  questions  of  spatiai  suucture  are  of 
determining  significance  for  understanding  the  nature  of  chemical  reactions.  However,  we  must  make  the 
reservation  that  this  by  no  means  presupposes  that  the  structural  units  detected  in  the  crystals  of  a  given  compound 
must  be  necessarily  retained  in  solution.  However,  a  knowledge  of  the  structure  and  physicochemical  properties 
(primarily  magnetic  and  spectral)  of  crystals  of  complex  compounds  undoubtedly  provides  a  guide  to  their  chemical 
behavior.  All  this  docs  not  mean  that  the  crystal-chemical  method  is  free  from  erroneous  results.  Unfortunately, 
such  errors  are  fairly  numerous.  However,  it  is  important  to  note  that  they  are  technical  in  character  and  are 
corrected  as  they  are  discovered  or  when  the  investigations  are  repeated  with  the  use  of  more  abundant  experi¬ 
mental  data.  Analysis  of  any  particular  investigation  can  nearly  always  show  whether  it  can  be  regarded  as 
conclusive. 

ni.  The  general  architecture  of  complex  compounds  has  two  aspects:  1)  the  "crystal  structure  aspect," 
the  manner  in  which  the  structural  elements  (complex  and  atomic  ions  and  complex  molecules)  are  packed  in  the 
crysul,  and  2)  the  "stereochemical"  aspect,  relating  to  the  structure  of  the  complexes' themselves,  and  involving 
two  problems:  geometry  of  the  spatial  configuration  and  determination  of  interatomic  distances  and  valence 
angles.  The  first  of  these  aspects,  less  interesting  from  the  chemical  viewpoint,  does  not  require  detailed  discussion. 
Therefore  the  following  comments  should  suffice. 

The  diversity  of  the  interaction  forces  between  structural  elements  in  crystals  of  coordination  compounds 
(electrostatic,  dispersion,  supplementary  covalent)  makes  it  very  difficult  to  formulate  general  principles  of  their 
structure  and  to  develop  a  rational  classification.  However,  if  the  consideration  is  confined  to  "island" 
complexes  without  additional  directed  bonds  between  them,  then  in  the  ftrst  approximation  it  should  be  possible  to 
formulate  rules  for  the  structure  of  such  crystals,  by  analogy  with  or  even  as  an  extension  of  the  principles  of  the 
structure  of  organic  molecular  crystals  [25],  i.e.,  on  the  basis  of  close-packed  types  of  complexes  of  complicated 
form  and  of  fairly  rigid  structure,  surrounded  by  van  der  Waals  or  ionic  radii  of  "external"  ligands*. 

Naturally,  the  greatest  resemblance  between  organic  and  complex  compounds  is  found  among  nonelectrolytes. 
However,  even  here  certain  peculiarities  of  complex  compounds  may  be  distinguished.  Molecular  complexes  may  be 
subdivided  into  two  types:  "closed" (octahedral,  bipyramidal,  tetrahedral,  etc.)  and  "open"  (pyramidal,  planar).  The 
accessibility  of  the  central  metal  atom  to  interaction  with  contacting  molecules  in  "open"  complexes  influences  the 
packing.  This  is  primarily  manifested  by  the  possibility  of  parallel  arrangement  of  planar  molecules  (with  for¬ 
mation  of  metal— metal  bonds)  with  a  mirror  plane  of  symmetry  between  them,  which  is  impossible  with  organic 
molecules. 

*In  1948  G.  B.  Bokii  [20]  attempted  to  develop  a  structural  classification  of  complex  compounds  on  the  basis  of 
Goldschmidt's  law  for  the  packing  of  simple  ionic  compounds.  In  this  classification  the  complex  ion  is  regarded 
essentially  as  a  spherical  particle.  Naturally,  this  classification  proved  applicable  to  only  a  relatively  narrow 
range  of  compounds,  mainly  containing  octahedral  and  tetrahedral  complex  ions  with  the  same  ligands  or  ligands 
of  equal  size  (mainly  monatomic).  This  included,  for  example,  compounds  of  the  types  MjfMeXj],  MxfMeAXc], 
MeA2X4,  [MeA4X2]X2,  where  X  =  F,  Cl,  Br;  A  =  NH3,  H2O.  However,  the  scope  of  this  classification  proved  too 
narrow  for  compounds  containing  complexes  with  other  configurations  (planar,  pyramidal,  etc.)  with  polyatomic 
ligands  such  as  the  oxalate  ion,  pyridine,  etc. 


Another  distinction  Is  the  possibility  of  considerable  deformation  of  the  electron  shells  of  contacting 
molecules  as  the  result  of  mutual  attraction  between  a  metal  atom  and  one  of  the  electronegative  atoms  of  a 
neighboring  molecule.  This  Is  Illustrated  by  the  structure  of  Internal  complex  compounds:  nickel  blssallcyl- 
allmlnate  and  bls-5-bromosallcylallmlnate  [27].  In  each  case  the  planar  molecules  are  arranged  In  the  crystal 
•o  that  oxygen  atoms  of  neighboring  molecules  are  situated  on  each  side  of  the  plane  of  each  complex  opposite 
the  metal  atom  (at  a  distance  of  3.6^  A  In  the  first  compound  and  3.55  A  In  the  second).  Figure  1  shows  the  packing 
In  the  plane  perpendicular  to  the  greatest  molecular  dimension.  Molecules  1  and  2  are  In  contact  only  through  C 
and  H  atoms,  and  the  distances  between  the  latter  correspond  to  the  sums  of  their  Intermolecular  radii.  Molecules 
1  and  3  and  also  3  and  2  are  drawn  together,  In  addition,  by  Interaction  of  O  and  Ni  atoms  and  as  a  result  many 
of  theC...H  contacts  are  considerably  shortened  (by  0.1-0.25  A  in  the  case  of  blssallcylalimlnate,  and  by  0.2- 
0.4  A  In  the  case  of  bls-5-bromosalicylaIlminate).  Such  considerable  shortening  of  intermolecular  distances  b 
not  characteristic  of  organic  crystals. 

Complex  compounds  which  are  electrolytes  require  greater  modification  of  the  structural  principles  formu¬ 
lated  for  organic  crystals,  since  In  this  case  particles  of  two  or  more  kinds  are  In  close  packing.  In  particular, 
contact  between  molecules  Is  not  prevented  by  the  existance  of  a  mirror  reflection  plane  In  complex  compounds, 
because  atomic  Ions  outside  the  sphere  can  fill  the  voids  which  result  in  such  packing. 

TABLE  1 


Dependence  of  the  Cs— Cl  Distance  on  the  Position  of  Cs^  Ions  in 
Relation  to  the  [C0CI4]*”  Tetrahedron 


Posi^iOii  of  Cs+  ion  j 

Average  Cs-Cl  distance 

1 

CSfCoCIft 

Opposite  vertex  (1) 

Opposite  middle  of  edge  (II) 
Opposite  center  of  face  (III) 

3.49 (4)* 
3,67 (5) 
3,94(2) 

3.38  (4) 
3.67  (4) 
4.7U(2) 

*The  number  of  Cs'*'  Ions  In  the  particular  position  Is  given  in 
parentheses. 

It  is  possible  that  a  certain  leveling  of  the  Isolines  of  the  force  fields  of  complex  Ions,  due  to  collectivization 
of  the  valence  electrons  of  the  ligands  and  the  central  atom,  should  also  be  included  with  the  features  characteristic 
of  the  crystal  architecture  of  complex  compound.  To  explain  this,  we  may  consider  the  results  of  structural 
investigations  of  CS2C0CI4  [18,  28]  and  CS3C0CI5  [29],  Although  these  compounds  differ  in  composition  and  have 
entirely  different  structural  motifs,  they  also  have  something  in  common”  very  similar  environment  of  the  tetra¬ 
hedral  [C0CI4]*”  complexes  by  Cs'*'  ions.  The  Cs'*'  ions  surrounding  a  [C0CI4]*  tetrahedron  fall  into  three  groups: 
ions  located  opposite  the  vertices  of  the  tetrahedrons  along  the  continuations  of  the  Co— Cl  bonds,  Ions  located 
opposite  the  middles  of  the  tetrahedron  edges,  and  ions  located  opposite  the  centers  of  the  faces  (Fig.  2).  In  both 
compounds  the  Cs” Cl  distances  increase  appreciably  from  the  first  to  the  second  and  from  the  second  to  the  third 
group  of  Cs"*"  ions,  as  Table  1  shows* .  This  similarity  can  hardly  be  accidental. 

The  impression  arises  that  the  force  field  due  to  the  [CoCl^"  complex  ion  in  some  measure  reproduces  the 
tetrahedral  conHguration  of  the  complex,  preventing  entry  of  Cs'*’  cations  into  the  "cavities"  between  the  Cl  atoms. 
This  viewpoint  also  accounts  for  the  increased*  *  K— Cl  and  K— Br  distances  in  KxPiCle  and  KxPtBi^ ;  here  the  K'*’ 
cations  are  located  opposite  the  centers  of  the  faces  of  the  [PtXj]*"  octahedrons. 

•This  increase  cannot  be  attributed  to  changes  in  the  coordination  number  of  the  Cs'*’  Ion,  as  the  same  Cs*  ion  Is 
adjacent  to  a  vertex  of  one  tetrahedron,  an  edge  of  a  second,  and  a  face  of  a  third. 

•  •This  increase  is  usually  attributed  to  the  high  coordination  number  of  the  K'*'  ion.  In  reality,  the  dependence 
of  the  M'*'— X*  distance  on  the  coordination  number  in  ionic  compounds  is  associated  with  the  polarizability  of  the  a 
anion.  In  K^PtCl^  each  Cl  atom  is  linked  to  only  one  Pt  atom  and  is  in  contact  vrith  only  four  K***  ions. 
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TABLE  2 

*Unusuar  Coordination  Polyhedrons  in  Complex  Compounds 


Coordination 

number 

Form  of  coordination  polyhedron 

Examples 

3 

T  -shaped 

CIF, 

4 

•Swing* 

T«<CH,)iI„  [lOjF,]' 

6 

Trigonal  bipyramid 

Sb(C,Hs)iCl,  etc. 

5 

Tetragonal  pyramid 

Co(S,CNj(CH,\]  NO  etc. 

7 

Trigonal  prism  with  an  additional  vertex  opposite  the 
center  of  one  of  the  lateral  faces 

7 

Pentagonal  bipyramid 

[UO,F,f- 

7 

Octahedron  with  an  additional  vertex  opposite  the 
center  of  one  face 

[ZrF,/* 

8 

Archimedean  tetragonal  antiprism 

[TaF,/-.[Si(H,0]br  etc. 

8 

Dodecahedron  with  eight  vertices 

[Mo(CNiJ*“  etc. 

8 

Hexagonal  bipyramid 

[UO,(CH,COO)i]‘ 

9 

Trigonal  prism  with  additional  vertices  opposite  centers 
of  three  lateral  faces 

[Nd(H,0)^r 

-Q 


Fig.  1.  Contacts  between  Ni(II) 
bissalicylaliminate  molecules  in  a 
section  perpendicular  to  the  greatest 
molecular  dimension. 


Fig.  2.  Encirclement  of  the  tetrahedral 
[C0CI4]*"  anion  by  Cr*’  cations  in  crystals  of 
CS1C0CI4  and  CsjCoC^. 


If  these  results  are  not  accidental,  they  also  support  the  view  that  the  concept  of  molecular  orbitals  is  a 
closer  approximation  to  reality  than  the  theory  of  localized  bonds.  A  possible  explanation  df  the  observed 
effect  is  that  the  valence  electrons  of  the  Cl  atoms,  located  in  molecular  orbitals,  are  for  most  of  the  time  in 
the  region  common  to  all  four  Cl  atoms. 

IV.  The  stereochemical  aspect  is  undoubtedly  of  the  greatest  interest  in  the  crystal  chemistry  of  complex  . 
compounds. 

It  is  not  possible  in  this  concise  review  to  consider  every  complex -forming  element  individually.  We  must 
confine  ounelves  to  an  attempt  to  characterize  the  essential  fundamental  results  of  crystal -chemical  investigations 
as  a  whole,  illustrating  them  by  only  some  individual  and  most  characteristic  examples  from  structural  investi¬ 
gations  of  recent  yean.  Only  the  region  which  gives  the  most  abundant  chemical  and  structural  data  —  compounds 
of  group  Vm  and  Ib  elements  ~  is  considered  in  fuller  detail  below. 

The  main  general  results  of  direct  structural  investigations,  signiHcant  in  the  chemistry  of  coordination 
compounds,  can  in  all  probability  be  formulated  as  follows. 
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1.  Structural  investigations  have  shown  that  the  spatial  structures  of  complex  ions  are  much  more  diverse 
than  was  believed  on  the  basis  of  chemical  data.  In  addition  to  the  traditional  octahedrons,  tetrahedrons,  and 
squares,  polyhedrons  characterized  by  five-fold  coordination  (trigonal  bipyramid  and  tetragonal  pyramid)  are  very 
common.  A  T -shaped  bond  arrangement,  in  addition  to  the  planar  triangle  and  the  pyramid,  b  known  for  the 
three-fold  coordination.  Other  coordination  polyhedrons  which  have  been  found  are  detailed  in  Table  2. 

2.  It  has  been  shown  by  structural  investigations  that  diverse  coordination  b  characteristic  not  only  of  the 
stereochembtry  of  complex  compounds  as  a  whole  but  abo  of  individual  elements  in  definite  valence  states. 
Examples  of  elements  characterized  by  multiple  coordination  are  v'^,  Mn^,  Cu^^,  Sb^^^,  Sb^,  etc.  Apparently 
thb  effect  b  much  more  common  than  was  formerly  believed.  In  recent  years  new  configurations  have  been 
found  for  elements  and  in  compounds  where  the  traditional  configurations  might  have  been  expected.  Examples 
of  these  are:  the  Zn(II)  acetylacetonate  monohydrate  molecule,  which  has  the  form  of  a  trigonal  bipyramid 
(Fig.  6g)  [30];  the  CtO^NHs),  [31],  a  pentagonal  bipyramid  (Fig.  3a);  tetrahedral  PtCl^  [32];  pyramidal  forms 
of  dimcthyldithiocarbamatoniuosyl  cobalt  (Fig.  6h)  [62];  and  copper  dimethylglyoximate  [33,  63]. 

3.  It  abo  follows  from  structure  data  that  certain  metab  have  a  very  strong  tendency  to  form  deformed 
polyhedrons  with  different  dbtances  to  similar  ligands.  This  applies  primarily  to  octahedral  complexes  of  Cr(n), 
Mn(ni),  and  especially  Cu(II),  and  it  was  brilliantly  explained  by  the  crystalline  field  theory  (the  Jahn-Teller 
effect  [124]). 


Fig.  3.  Configurations  of  complexes  in  crystals 
structures:  a)  Ci04(NH3)3:  b)  KjCtOi. 


Fig.  4.  Configuration  of  the 
complex  TKCjHjljAKCjHsliCl,. 


4.  As  a  consequence  of  all  that  has  been  discussed 
above,  new  types  of  bomerbm  not  usually  considered  in 
the  "classical"  theory  of  complex  compounds  have  been 
dbeovered.  Foremost  among  them  are  "configurational" 

(or  "polycoordinational")  bomerbm,  and  "affine"  bomerbm. 
The  first  of  these  was  discovered  in  a  large  series  of 
bivalent-cobalt  compounds  of  the  C0A2X2  type  [34]. 

Another  example  b  the  pab  of  bomers  a-  and  6-Cs2MnCl4 
[35],  one  of  which  was  found  to  contain  MnClg  octahedrons 
joined  by  their  vertices  (the  K2NiF4  structure  type  [36]),  and 
the  other  contains  bolated  MnCl4  tetrahedrons  (CS2C0CI4 
[28]).  The  "bond  bomerbm"  [MX5]  ^[1^X4]  [MX,]  or 
[MXf]  «*»[MX4]  X,  where  M  =  P,  As,  Sb,  which  was  consider¬ 
ed  by  L.  Kolidtz  [37]  may  abo  be  regarded  as  a  particular 
case  of  thb  type  of  bomerbm. 

Isomerbm  associated  with  affine  deformation  of 
polyhedrons,  in  accordance  with  the  Jahn—Teller  effect, 
should  occur  in  complexes  of  Cr(II),  Mn(III)  and  Cu(II) 

[38].  Examples  are  the  a-  and  6 -bomers  of  Cu(NH3)^Br2, 
synthesized  by  J.  Gazo  [39]  and  investigated  from  the 
structure  aspect  by  F.  Hanic  [40,  41]. 


In  addition  to  these  types  of  bomerbm,  new  types  of  geometrical  bomerbm  in  various  coordination  poly¬ 
hedrons  can  be  predicted  ;  for  example,  "equatorially  axial"  in  trigonal  dipyiamidal  complexes*  ,  or  para-ortho- 
meta  bomerbm  in  hexagonal  bipyramidal  complexes;  in  particular,  .those  containing  UO2  groups*  * . 


*lt  b  interesting  to  note  that  in  SbfCeHsj^Clj  the  Cl  atoms  occupy  two  diametrically  opposite  vertices  of  the 
bipyramid  and  one  vertex  in  the  equatorial  plane  [42],  i.e.,  they  are  chemically  nonequivalent.  Thb  suggests 
that  two  other  bomers  could  be  synthesized. 

*  *In  uranium  compounds  the  number  of  atoms  in  the  equatorial  plane  around  the  linear  UO2  group  may  be  6,  5, 
or  4,  according  to  their  size  and  to  the  presence  or  absence  of  forces  drawing  them  together  in  pairs  (bidentate 
ligands).  The  dbplacement  of  ligands  from  the  equatorial  plane,  which  has  been  postulated  by  some  workers, 
has  not  been  rigorously  proved.  In  any  event  an  interpretation  of  many  chemical  results  based  on  octahedral 
configuration  of  the  ligands  b  unjustified,  because  not  only  the  positions  of  the  bonds  but  even  the  coordination 
number  of  uranium  itself  b  unknown  for  most  compounds  containing  the  uranyl  group. 
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5.  In  cases  where  x-ray  structural  investigations  have  been  most  systematic  and  numerous  it  has  been 
possible  to  establish  certain  general  stereochemical  prir.ciplcs  and,  in  particular,  to  follow  changes  in  the 
coordination  polyhedrons  in  series  of  compounds  with  progressive  replacement  of  ligands  or  central  atoms.  This 
applies  primarily  to  complex  compounds  of  group  VlII  and  Ib  metals  (see  the  second  part  of  this  review). 

6.  Structure  data,  in  conjunction  with  results  of  physicochemical  investigations,  have  made  a  substantial 
contribution  to  an  understanding  of  the  suucture  of  compounds  of  metals  with  unsaturated  organic  molecules  such 
as  ethylene,  cyclopentadlene,  benzene,  and  their  derivatives. 

Sttuctural  investigations  of  K[PtCjH4Cl3]  •  H,0  [43).Pdj(C,H4]iCl4  [44J,  Pdx(C,H,CHCH,)iCl4  [45] ,  K[Pt(C,H4)Br,J- 
•Hfi  [46],  trans-[P«(C2H4)NH(CH,)4CI,]  [47],  and  cl$-(Pi(C2H4)NHjBr,]  [48]  leave  no  doubt  that  the  Pt-C,H4  is 
Dicentric:  both  carbon  atoms  in  ethylene  are  at  the  same  distance  from  the  metal  atom.  It  seems  likely  that  this 
type  of  bond  is  not  specific  for  organic  molecules  only.  In  Ct04(Nil})^  the  four  O  atoms  surrounding  the  Cr  atom 
in  the  equatorial  plane  of  the  bipyramid  (Fig.  3a)  form  two  pairs  (the  Oj— Ojj  and  Om-Ojy  distances  are  1.39  A, 
and  the  Ojj-Oqj  distance  is  2.25  A),  and  it  is  more  natural  to  regard  the  polyhedron  not  as  a  pentagonal  but  as  a 

Digonal  pipyramid,  on  the  basis  of  two  tricentric  Cr-^  bonds  and  three  Cr-^NH3  donor  bonds.  Similarly,  the 

coordination  polyhedron  [CiO|]’  in  K3CiOg  [49]  may  be  regarded  as  a  tetrahedron  formed  by  four  Cr  ^  bonds 

(Fig.  3b). 

The  sDuctures  of  complexes  of  the  ferrocene  or  dibenzenechromium  types,  which  seemed  so  unusual  a  few 
years  ago,  no  longer  arouse  any  special  surprise.  Studies  of  various  deviations  from  the  simple  sandwich  structure 
are  of  great  interest  at  the  present  time.  Such  a  deviation  was  discovered,  in  particular,  in  the  course  of  a 
structural  study  of  the  compound  TKCgf^jjAKCgHjj^Clj  [50],  in  the  molecule  of  which  the  Ti—CgHj  and  Ti“Cl 
bonds  form  a  teDahedron  (Fig.  4)* .  An  analogous  nonparallel  arrangement  of  the  cyclopentadienyl  rings  is  to  be 
expected  in  Be,  Sn.  and  Pb  dicyclopentadicnyb.  which  have  fairly  large  dipole  moments. 

Also  significant  are  the  structural  investigations  intended  to  confirm  the  cyclization  effect  in  reactions  of 
metal  carbonyls  with  acetylene  derivatives.  In  particular,  it  has  recently  been  shown  [122,  123]  that  complexes 
of  the  composition  FefCOjjifCgHjCgCjUsjj  and  NiBCl4(CH3C2CHj)4  contain  very  unusual  cyclobutadiene  rings 
(Figs.  5a  and  b).  In  contrast  to  this,  in  the  complex  Fe2(CO)fe(C6HsC3H)3,reported  briefly  [61];  there  arc  5  methoxy 
groups  (Fig.  Sc).  It  seems  surprising  that  cyclization  effects  differing  substantially  in  character  occur  in  related 
reactions  of  iron  carbonyls  with  acetylene  derivatives.  However,  this  possibility  is  confirmed  by  the  results  of 
a  study  of  the  sDucture  of  CH3C  =  CCH3  •  H2Fe2(CO^  [126],  which  was  found  to  contain  both  a  five-membered 
metal  ring  and  a  "semisandwich*  iron  atom  situated  Opposite  the  center  of  the  base  of  this  ring  and  also  linked 
to  three  carbonyl  groups. 

7.  SDuctural  investigations  have  shown  that  many  compounds  which  were  traditionally  regarded  as  typical 
complexes  (of  the  island  type)  contain  additional  directed  bonds  between  atoms  of  neighboring  complexes,  of  the 
metal— ligand— metal  or  metal- metal  types. 

The  bridge  function  of  such  ligands  as  CN,  SCN,  Cl,  Br,  O  is  well  known.  SDuctural  investigations  show 
that  even  the  methyl  group  can  play  a  similar  role.  Examples  are  Be(CH3)2  crysub  [51]  with  polymeric 
molecules,  In(CH3)^  [52]  and  Pi(CH3)4  [53]  with  tetrametric  molecules*  *  . 

Metal— metal  bonds  forming  infinite  chains  have  been  found  in  many  compounds  of  Ni,  Cu,  Pt,  Au,  and 
other  metab.  The  example  of  Cu(NH3)4 ’PtCij  [54],  which  belongs  to  the  green  Magnus  salt  type,  shows  that 
such  bonds  also  exbt  between  different  metab.  The  dbtinction  between  the  sDuctures  of  Ni(n)  and  Cu(II) 
methylethylglyoximates  b  interesting.  The  first  contains  an  infinite  Ni— Nl— Ni— ...  chain,  while  in  the  second 
a  slight  shift  of  the  molecules  the  chains  are  broken  up  into  Cu— Cu.  Cu— Cu, . . .  dimers  [55].  Dimeric  molecules 
have  also  been  found  in  Ci<CH3COO)iA,  where  A  =  H2P  [56]  or  Py  [57];  a  Dimeric  molecule  with  a  linear 
anangement  of  Ni— Ni— Ni  bonds  has  been  found  in  Ni(II)  bbacetylacetonate  [58].  A  new  case  of  metal— metal 
bond  formation  was  recently  dbcovered  in  Cu(I)  and  Ag(I)  diethyldithiocarbamates  [59].  The  former  was  found 


*Tbe  paper  [50]  b  a  preliminary  publication.  According  to  a  private  communication  by  Venanzi,  an  investi¬ 
gation  of  the  SDucture  b  now  being  completed  in  England.  The  general  result  obtained  by  the  Italians  b 
confirmed. 

*  *The  SDuctures  of  Pt(CH3)4  and  Pt(CH3]^Cl,  [S3],  in  which  the  bridge  positions  of  one  of  the  CH3  groups  and  a 
Cl  atom  respectively  ensure  the  usual  octahedral  coordination  of  the  Pi(IV)  atom,  especially  emphasize  the  un¬ 
expected  character  of  the  result  obtained  in  studies  of  PtCli,  where  the  metal  atom  b  in  teDahedral  environment, 
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Fig.  5.  Configurations  of  complexes:  a)  Fe(CO)^CCcHjC  ^  CcHs^,  b) 
Nl,Ci^CCH,C  eCH,)4.  c)  Fej(CO]b(C«H8C 


CuKCHjbOjNjOOHl,  CslFe^SifNOljl-HjO 
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Fig.  6.  Examples  of  complex  compounds  with  structures  of  unusual 
character,  or  unexpected  for  the  given  metals. 


to  contain  letramctrlc  molecules  with  tetrahedral  arrangement  of  interbonded  Cu(I)  atoms,  and  the  second, 
hexameric  molecules  with  S -shaped  cliains  of  Ag  (I)  atoms. 

The  possibility  of  such  additional  interactions  makes  it  necessary  to  be  very  cautious  in  predicting  the 
structures  of  compounds  on  the  basis  of  only  the  usual  concepts,  analogies,  and  chemical  composition.  Figure  6 
shows  some  examples  of  complexes  the  structure  of  which  would  have  been  difficult  to  determine  without 
direct  structural  investigations.  For  example,  it  was  found  [33,  63]  that  the  molecule  of  Cu(n)  dimethylglyoxi- 
mate  is  not  planar,  but  pyramidal  owing  to  formation  of  Cu,.  .O  bonds  with  oxygen  atoms  In  neighboring 
molecules  (F ig.  6a).  Both  Fe~Fe  bonds  and  the  bridge  function  of  the  sulfur  atoms  play  an  important  role  in 
the  peculiarity  of  the  structure  [60]  of  the  complex  anion  of  Roussin's  black  salt  (Fig.  6b).  The  structure  of  tri- 
valent  antimony  fluorides  obviously  depends  on  the  nature  of  the  cations  in  the  outer  sphere.  The  potassium  salt 
[66]  (Fig.  6c)  contains  tetrameric  [Sb^Fig]*’  complexes  composed  of  tetragonal  SbFj  pyramids;  in  the  sodium  salt 
[65]  (Fig.  6d)  the  same  pyramids  are  joined  in  an  infinite  chain;  the  cesium  salt  of  somewhat  different  compo¬ 
sition  (Fig.  6e)  contains  [67]  dimeric  [Sb2F7]~  anions,  but  these  consist  of  trigonal  and  not  tetrahedral  SbF4 
pyramids.  In  copper  nitrate  Cu(N03)^  a  linear  coordination  of  the  Cu  atom  (Fig.  60»  very  unusual  for  Cufll),  is 
found  [64].  Here  NOj’  anions  are  located  between  infinite -Cu—NOj-Cu—NOj—. .. .  chains  (with  Cu-O  distances 
«1.9  A).  The  oxygen  atoms  of  the  nitrate  anions  supplement  the  coordination  of  the  atom  to  a  hexagonal  bipyramid 
(here  theCu~0  distance  w2.5  A). 

It  is  hardly  necessary  to  emphasize  that  all  these  (and  many  other)  results  clearly  demonstrate  the 
inadequacy  of  many  theoretical  concepts  often  used  in  descriptions  of  complex  compounds:  both  the  primary 
electrostatic  concepts  with  polarization  taken  into  account,  and  also  later  ideas  based  on  the  covalent  bond 
theory,  including  Sidgwick's  concept  in  Gillespie  and  Nyholm’s  modern  treatment  [68]. 

8.  Structural  investigations  which  make  it  possible  to  determine  interatomic  distances  and  valence  angles 
have  made  an  important  contribution  to  the  characterization  of  metal— ligand  bonds*.  Three  problems  studied 
during  recent  years  deserve  the  most  attention:  a)  evaluation  of  the  transinfluence  effect  in  compounds  of 
bivalent  platinum;  b)  the  multiplicity  of  metal— ligand  bonds,  in  particular  in  Os  compounds  containing  O  or  N 
atoms  as  ligands,  and  in  Ru  compounds  containing  nitroso  groups;  c)  bond  nonequivalence  (deformation  of  the 
polyhedron)  as  the  result  of  the  Jahn“Teller  effect  to  which  reference  has  already  been  made.  The  first  two  of 
these  problems  should  be  examined  in  somewhat  more  detail. 

1)  The  latest  work  on  the  first  of  these  problems.  Involving  structural  investigations  of  the  compounds 
K[Pl(CtH4)Br3]-HiO  [46],  cis-(PKC2H4)NH3Br2]  [48],  trans-fP^PfCjHsljlkBrH]  [69],  a-fPljfSCNliClifPfCaHT),^  (70). 
provide  data  accurate  enough  to  allow  discussion  of  the  relation  between  the  Pt~  ligand  distance  and  the  traiu 
influence  effect.  The  results  configuration  of  the  complexes)  and  the  most  important  distances  in  A  are  shown 
schematically  below: 

PrjP 


Cl 


'ppt. 


The  difference  between  the  Pt~Br  distances  in  the  first  and  second  of  these  compounds,  and  comparison 
of  the  Pt~P  distances  in  the  third  and  fourth,  are  consistent  with  chemical  data  on  the  increased  trans  activity  of 
ethylene  and  phosphines.  The  increased  Pt— Br  distance  in  the  third  compound  is  a  sign  of  considerable  trans 
activity  of  the  coordinated  hydrogen  (which  is  in  agreement  with  the  oxidation— reduction  concept  of  trans¬ 
influence  postulated  by  Grinberg  [71]),  However,  the  increased  Pt— S  distance  in  the  fourth  of  these  compounds 
indicates  that  mutual  influence  between  the  atoms  is  not  confined  to  the  trans  .parmer  *  * .  It  b  as  yet  difficult 


*It  must  be  noted  that  exact  determination  of  interatomic  distances  in  crystals  of  complex  compounds  is  generally 
very  difficult;  in  presence  of  heavy  atoms  such  as  Os,  Pt,  Hg,  and  U  the  positions  of  light  atoms  and  groups  (an  in 
particular  atoms  of  elements  of  the  second  period)  are  determined  with  large  errors.  A  thorough  analysis  of  the 
experimental  data  and  the  investigation  technique  is  always  necessary  in  such  cases. 

•  •The  Pt— N  distances  should  be  disregarded,  because  the  probable  errors  here  are  too  high;  the  same  applies  to 
a  certain  extent  to  the  Pt~Cl  distances,  because  they  differ  relatively  little. 


to  decide  whether  this  Is  associated  with  the  presence  and  lability  of  additional  Pt“P  and  Pt-Br  ir -bonds,  as 
Owston  et  al.  [69,  70]  believe,  or  with  the  bridge  function  of  the  SCN  group.  In  any  event,  these  structural 
Investigations  proved  that  the  trails  influence  effect  is  not  only  associated  with  the  kinetics  of  chemical  reactions, 
but  abo  depends  on  the  relative  bond  strengths  in  the  equilibrium  state. 

2)  During  recent  years  an  increasing  number  of  results  has  indicated  the  important  role  of  multiple  bonds  in 
metal— ligand  interaction.  This  applies,  in  particular,  to  compounds  cf  osmium  both  with  tetrahedral  ions  of  the 
[OsQiJ*'  or  [C)s03N]”  types,  and  with  octahedral  ions  of  the  [OSO2CI4]*",  [OSNCI5]*’.  and  [OsNBr^HjO]"  types.  (The 
contraction  of  the  Os-O  and  Os-N  distances  in  these  compounds  is  so  considerable  that  it  can  be  regarded  as 
indubitable,  despite  the  low  accuracy  in  the  location  of  light  atoms).  According  to  preliminary  data  [72]  in 
IC2[05NC1^  there  is  also  a  shortening  of  the  Os-Cl  distance  to  the  Cl  atoms  in  the  transposition  with  respect  to 

N;  this  was  not  found  in  KfOsNBr^HjO]  with  respect  to  the  OS-H2O  distance.  This  results  suggests  the  existence 
of  a  peculiar  effect,  the  reverse  of  transinfluence -effect  of  strengthening  of  the  Os-ligand  bond  in  the  trans¬ 
position  relative  to  the  N  sOs  bond.  Dyatkina  and  Volkov  [125]  attribute  this  strengthening  to  dative  Os— Cl 
6  -  interaction  (which  is  possible  only  with  ligands  having  an  outer  d-shell). 

Higher  bond  multiplicity  in  the  UO]  group  was  detected  in  the  course  of  a  structural  investigation  of 
NafUOxfCHjCOO)^],  which  was  one  of  the  most  effective  investigations  with  regard  to  technique.  Here  the  U— O 
distances  were  found  to  be  1.71  A  [73],  Unfortunately,  published  data  on  other  uranium  compounds  are  not  of 
such  high  accuracy.  Therefore  comparisons  of  results  and  especially  any  conclusions  about  the  relationship 
between  the  distances  between  the  uranium  atom  and  uranyl  oxygen  and  between  the  uranyl  atom  and  other 
ligands,  on  the  basis  of  structure  data  only,  are  premature.  The  same  applies  to  differences  between  the  U— O 
distances  for  the  twoO  atoms  in  the  UOs  group,  detected  in  certain  structures  [74-76]. 

3)  Structure  data  on  valence  angles  characterize  chemical  bonding  much  more  convincingly,  because 
these  angles  depend  strongly  on  bond  multiplicity.  Thus,  the  linear  position  of  the  bridge  oxygen  in  such  structures 
as 

KilCURu— O— RuCU]  HjO  [12] 

or 

|[CIi(C,H,)Ti  -0-  Ti(C,H,)CI]  [77], 

++ 

leads  to  the  conclusion  that  the  oxygen  atoms  has  two  double  bonds  of  the  M  =0  =M  type.  The  linear  or  almost 
linear  configuration  of  M  . .  .N  . .  .C  bonds  in  all  Ni  thiocyano  compounds  which  have  been  structurally  studied 
[16-24]  and  also  in  Na,[Co(NCS)4]‘8Hp[15]  and  (NH4XCi(NCS  nHjO  [13]  shows  that  of  the  two  limiting 

cases  of  bond  distribution,  M  — N  =C  =S  and  M  — 15  -  C— S“,  the  second  is  closer  to  reality. 

Particularly  interesting  results  are  obtained  from  comparisons  of  the  structures  of  different  complex 

compounds  containing  the  nitroso  group  (Table  3)!  The  wide  variation  range  of  the  M— angle  shows  that  the 
bond  between  the  nitroso  group  and  the  complex -forming  atom  can  differ  considerably  in  different  compounds. 
Comparison  of  the  M  — N  and  N— O  angles  and  distances  leads  to  the  conclusion  that  the  limiting  types  of  electronic 

suuctures  are  M— and  M  =l5  =0. 

TABLE  3 


M— N  and  N— O  Distances  and  Angles  Between  Bonds  of  Nitrogen  Atoms 
in  Complex  Nitroso  Compounds 


Distances,  A 

0 

M-N 

1 

1  References 

M-N  1 

[  N-O 

angles 

Compounds 

135* 

Co(S,CN(CHs>,),NO 

(621 

|78i 

2,07 

1.14 

150* 

|RuNOOH(MI,)«]CI, 

2,04 

1,13 

153* 

(Nll4)t|RuNOOHCI|) 

[79,80] 

1,70 

1,25 

177“ 

KtIRuNOCIsl 

172] 

1 ,57 1 
1,67/ 

1,20 

180“ 

CsFe4S3(N0)7.H,0 

160] 

216 


The  problem  of  determining  the  valence  of  the  central  atom  Is  also  closely  associated  with  the  character¬ 
istics  of  chemical  bonding  in  complex  ions.  There  is  no  doubt  that  dbtinctions  must  be  drawn  between  the 
concepu  of  formal  valence,  number  of  bonds,  and  coordination  number.  The  least  distinct  of  these  concepts  is 
the  first,  especially  in  relation  to  compounds  containing  such  groups  as  Cn,  NO,  or  CO,  or  O  and  N  atoms  as  ligands. 

Crystal  Chemistry  of  Complex  Compounds  of  Group  VI!I  and  lb  Metals 

As  already  stated,  complex  compounds  of  group  VIII  and  Ib  elements  have  been  studied  the  most  fully  in 
the  structural  sense.  For  discussion  of  problems  relating  to  the  spatial  structure  of  complexes  of  these  metals  it  is 
important  to  subdivide  them  into  isoclectronic  groups  [with  respect  to  (n  ~l)d,  ns,  and  np  levels]  with  valence 
taken  into  account,  as  is  done  in  Table  4.  However,  on  the  basis  of  structural  results  it  is  at  once  possible  to  sub¬ 
divide  the  compounds  of  all  the  elements  in  question  into  two  larger  groups.  The  first  includes  the  great  majority 
of  compounds  of  Ru,Os,  Rh,  and  Ir,  and  of  quadrivalent  Pd  and  Pt,  in  which  the  metal  atom  has  octahedral 
coordination  (the  commonest  in  complex  compounds)  based  on  d*sp’-hybridization  of  electrons  Involved  in  o -bonds. 
The  only  exceptions  ate  PtCli  and  certain  Ru  and  Os  complexes  with  multiple  N  and  M  =0  bonds,  where 
tetrahedral  complexes  are  found. 

TABLE  4 

Subdivision  of  Group  VIII  and  Ib  Elements  into  Isoelectronic  Families* 


Number  of 
d-electrons 

■ 

5 

1 

1 

6 

7  1 

1  S 

t 

Ifl 

Number  of  unpaired 
electrons  Li  spin- 
free  complexes 

5 

4 

1 

1 

1 

3 

2 

1 

0 

Fc*'* 

Fc**.  Go*** 

O,** 

Ni**.  Cu"* 

Cu** 

Cn* 

Ru*** 

Rh'".  Pd"'' 

i 

Pd** 

Pt**.  Au*** 

Ag** 

Ag* 

Au* 

</*»/>* 

Os*'' 

Os***.Ir*'' 

Os**.  Ir***.  Pt*'' 

Number  of  unpaired 
electrons  in  spin- 
bonded  complexes 

2 

1 

0 

1 

0 

1 

0 

*Only  valences  typical  of  complex  compounds  of  these  metals  are  taken  into 
account* 

The  general  cause  of  the  common  occurrence  of  octahedral  coordination  in  compounds  of  these  elements 
is  that  two  levels  of  the  inner  d-shell  are  involved  in  bonding.  This  is  due  to  the  conjunction  of  two  facton: 

1)  the  relatively  small  number  of  the  metal  d -electrons  which  are  not  Involved  in  the  bonding  and  which  are  in 
the  d£  -levels  (not  more  than  six  electrons):  2)  a  tendency  to  form  covalent  bonds  with  ligands;  in  other  words,  to 
form  compounds  of  low  spin. 

The  second  large  group  consists  of  metals  of  the  first  transition  period,  which  give  both  spin-paired  and  spin- 
free  compounds,  and  also  of  bivalent  Pd  and  Pt  and  metals  of  groups  Ib  and  Ob,  which  have  large  numbers  of 
d-electrons.  The  structural  diversity  of  such  compounds  is  much  greater,  and  it  is  useful  to  follow  changes  in  the 
coordination  polyhedron  with  the  electronic  structure,  both  in  the  horizontal  series  Mn(n),  Fe(n)  [and  Co(in)]. 
Co(II),  Ni(n),  Cu(n),  Zn(n)  [and  Cu(I)].  and  in  the  vertical  series  NKII),  Pd(II),  Pifll).  The  bivalent  metals  provide 
the  greatest  wealth  of  structure  data. 

Table  5  contains  the  stereochemical  results  of  stnctural  investigations  of  30  compounds  of  Co(n),  Nifll), 
Pi(n)  and  Cu(n),  carried  out  in  two  Moscow  laboratories  (Institute  of  General  and  Inorganic  Chemistry  of  the 
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TABLE  5 


Coordination  of  M®  (Pt,  Pd,  Ni,  Co,  or  Cu)  Atoms  in  Certain  Complex  Compounds  which 
Have  Been  Structurally  Investigated 


Compound 


Coordination  of  M  atom 


References 


Kt|M(NO,)«I;  M  =  Pd,  Pi 
R(Pt(Nlf,)X,|;  X=CI.  Br 
KjPt(NH,)X,|.|l,0;  X=CI.  Hr 
K|Pt(C,H«)X,).n,0;  X-CI,  Br 
Trans-'Pt(NII,),CI,I 
Trans- 1pi(NH,MSCN),| 
Cls-rPt(NH,).(SCN),l 
lFtCl4l(Cu(NII,l«| 
Nil(C,H,0),PS.|, 

Ni(ll)  bissalicylaliminate 

NKU)  bis-S-bromosalicylalimate 

0,ICoX4);X=CI.  Hr 

CaNiXj;  X=CI.  Hr 

K,MF«;  M=^Ni,  Co 

Hg|Ni(H,Oh(NC^)«l 

(NH4MNi(NH,).{NaS)4l,H,0 

NHijNifNMjUNCS),) 

Ni(NH,),(NCS), 

a-MPy,CI,:  M=Ni.  Co 

CoPy,(NCS), 

P-lCoPy,X,I;  X=CI.  Br 
Co(n-CH3C«H4NH,),CI,| 

MPy4CI,I;  M  =  Ni.  Co 
MPy4Br;|;  M  =  Ni,  Co 
MPy4(NCS),l;  M=Ni.  Co 
Ni(NH,)4(NCS),I 
Ni(NII,)4(NO,M 
Cu(NH,)«I(PtCl4l 
NH4(Cu(Nn,)4l(Cl04),NH, 
Cu(NH,)4(NO,),J 

CuPy,(NCS,) 


square  MN4 
t  PINX, 

•  PtNX, 

•  Pl(Ct)X, 
t  PtNjCI, 

»  PlNjS, 

»  P«N,S, 

»  PtCl4-f  2  Pt— Cu  bonds 

•  NiS4 

»  NiNjO, 

»  NiN,0, 
tetrahedron  C0CI4 
octahedron  NiXf 
»  NiF« 

•  NiO,N4 

»  Ni(NH,),N4 
»  Ni(NH,),N,  , 

»  Ni(NH,),N,S 
»  MNtCI« 

»  CoN,N,S, 
teuahedron  CoN^Xt 
»  CoN,CI, 
octahedron  MNiCIt 
»  MN4Brt 
>  MN4N, 
t  Ni(NH,)4N, 
s  Ni(NH,)4N, 
square  CuN4+2Cu-Pt  bonds 

•  Cu(Nil,)4 
"elongated"  octahedron 

Xu(NH*)4Nt 
"elongated"  octahedron 

CoNiNiSi 


(81,821 

|83I 


841 
(85) 
(86, 87) 
86,881 
(54 
(80 
(27 
(27 

(17,18,28) 

(90) 
(17,361 

(91) 

20 

(20) 

(17.181 

(92-941 

(161 

192,31 

(96,971 

(98,991 

(tool 

(211 

(19| 

(1011 

(541 

(1021 

(103) 

(161 


TABLE  6 


Sutistical  Data  on  Coordination  Polyhedrons  In  Complex  Compounds  of  Bivalent  Fe, 
Co,  Ni,  Cu,  Pd  and  Pt 


Coordination  polyhedron 

Fe  1 

Co 

1  N>  1 

1  Ca 

Pd 

Pt 

Square 

1 

23 

7 

19 

32 

Tetrahedron 

11 

i  . 

2 

Octahedron 

34 

30 

52 

9? 

Elongated  square  bipyramid 

26 

? 

? 

Flattened  square  bipyramid 

0 

Square  pyramid 

Total  number  of  structures 

34 

42 

76 

49 

19 

32 

studied 

Academy  of  Sciences,  USSR,  and  the  Chemistry  Faculty  of  the  Moscow  State  University).  Table  6  contains 
approximate  statistical  data  on  coordination  polyhedrons  of  bivalent  Fe,  Co,  Ni,  Cu,  Pd  and  Pt  atoms,  in 
accordance  with  available  structure  data  (only  complex  compounds  are  considered,  including  hexammines  and 
bexahydrates,  dimeric  complexes,  chain  structures  of  the  MA^X]  type,  and  internal-complex  compounds;  binary 
oxides  and  sulfides  and  other  oxygen  compounds  are  not  considered).  A  total  of  about  250  structures  is  covered. 
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These  data  are  probably  very  Incomplete  (especially  In  relation  to  Ci<II)  compounds,  which  are  being  studied  most 
Intensively  at  present).  However,  the  data  presented  here  give  a  good  illustration  of  the  preferred  coordination 
polyhedrons  for  the  different  metals:  square  in  the  case  of  Pd(n)  and  Pt(II),  octahedron  and  square  in  the  case  of 
NKU),  octahedron  and  tetrahedron  in  the  case  of  Co(II),  octahedron  In  the  case  of  Pefll)  or  Co(ni),  and  deformed 
octahedron  in  the  case  of  Cufll). 

Analysis  of  the  available  structure  data  reveals  regularities  In  changes  of  the  coordination  of  the  central 
atom  with  replacement  of  the  ligands  In  the  series  CN,  NO2,  NCS,  Br,  Cl,  O,  F,  corresponding  to  a  gradual  increase 
of  bond  polarity,  and  with  replacement  of  acid  residues  by  neutral  substituenu.  The  general  results  are  presented 
in  Table  7.  Naturally,  this  table  Is  based  not  only  on  structure  data  but  also  on  other  physicochemical  data 
significant  for  establishing  structural  analogies  In  the  different  classes  of  compounds. 


TABLE  7 

Coordination  of  the  Metal  Atom  In  Relation  to  the  Composition  of  the  Complex 


Element 

A cido  complex  [MX n]^”  I  Mixed  complexes 

CN 

NO, 

N<’s  Ur  *'• 

r  o« 

MA,X, 

MA,X, 

%f  A,X, 

Fe".Co"' 

’ 

octahedror 

tl 

octahedron 

Tt 

octahedron 

tt 

octahedron  ^octahedron 
ti  '  ii 

Co" 

x:tahedron 

n 

tetrahedron 

TI 

octaheuiu 

It 

S-tetrahedror 

_ U _ 

a-octahedron 

1  tl 

octahedron 

octahedron 

1  i 

Ni" 

iquan 

tl 

ctahedron*  * 

.  It 

iquare  (with 
PRj ,  AsRj) 
octahedron 

tl 

octahedron 

IT 

octahedron 

tt 

Cn" 

octahedron  flattened  : 

tetrahedron  • 

1  deformed  octahedron 

square,  de¬ 
formed 
octahedron, 
sq.  pyramid 

square,  de¬ 
formed 
octahedron 

deformed 

octahedron 

pd"pt"j  ‘"(“i*" 

square 

n 

square 

Tl 

square 

T* 

*Oxygen  compounds  of  the  spinel  type  must  be  considered  separately  [116,  117]. 

•  'Except  [A s(C«H*),CHj[N icy  (tetrahedron). 

•  •  'Except  Ni[P(C,H)jiCla  (tetrahedron). 

1.  As  Is  well  known,  compounds  of  bivalent  Pt  and  Pd  and  of  trlvalent  Au  are  Invariably  diamagnetic,  with 
complexes  of  planar  structure  regardless  of  composition.  The  chemical  evidence  here  Is  so  obvious  that  laborious 
x-ray  Investigations  are  almost  entirely  superfluous.  The  main  significance  of  x-ray  studies  here  Is  that  they 
reveal  that  in  the  vast  majority  of  cases  square  coordination  persists  in  crystals  as  well  as  in  solution.  Neither  In 
trans-Pi(NH3)^Cl2  nor  in  trans-  and  cis-Pi(NHs)i(SCN)2  [86-88]  is  there  anything  resembling  supplementation  of  the 
coordination  square  to  an  octahedron,  such  as  occurs  In  copper  compounds  of  similar  composition.  Both  the 
P<NHj)i(SCN)^  structures  are  especially  significant  In  this  respect,  because  the  thiocyanate  group  has  perhaps  an 
even  greater  tendency  to  bridge  formation  than  chlorine. 

The  only  expections  are  M(diaRino)iIj  (M  =  Pt  .  Pd,  Ni)  [104],  [Pi(NH,)«,((NCCH,)i]Cl, -HjO  [105], 
M°(NH,)^X2*mIV  (NH,)iX4(M  =Pt,  Pd;  X  =C1,  Br)[106,  107],  in  which  the  MAs^,  PifNH,)*  andM(NH,)kX, 
squares  are  built  up  to  deformed  octahedrons  by  pairs  of  ligands  situated  at  long  distances  (3-3.5  A)  from  M. 
However,  interpreution  of  these  complexes  as  M(ad')4(ad")^  on  the  basis  of  hybridization  of  covalent  dsp^d 
bonds  (or  alternatively  dspi*  *  pzdz*)  seems  highly  controversial.  It  is  more  probable  that  only  electrostatic 
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Interaction  exists  between  M  and  the  two  distant  ad"  ligands.  This  is  confirmed,  first,  by  the  fact  that  the  distances 
between  the  nearest  atoms  of  the  ad*  and  ad*  ligands  corrcsf>ond  to  the  sum  of  the  ionic  and  intcrmolccular  radii; 
therefore  ad"  ”lics"on  four  ad*  atoms.  Second,  the  M'~ad*  distances  arc  greater  than  the  analogous  distances  in 
complexes  of  bivalent  copper,  although  the  presence  of  an  additional  nonbonding  electron  in  the  inner  d22  orbit 
of  Cu^^  should  lead  to  the  opposite  effect  —  elongation  of  Cu— ad"  bonds  In  comparison  with  Ni— ad",  Pd— ad"  and 
Pfad"  (for  fuller  details,  see  [108]). 

2.  Nickel,  in  contrast  to  Pt  and  Pd,  forms  diamagnetically  compounds  with  square  complexes  only  with 
ligands  which  form  the  most  highly  covalent  bonds.  The  only  such  compounds  in  the  acido  series  are  the  cyanides; 
other  complex  and  noncomplex  Ni  compounds  of  the  acido  type  are  paramagnetic,  and  the  Ni  atom  as  a  rule  has 
octahedral  coordination.  Among  compounds  of  the  composition  NiA2X2  only  certain  phosphines  are  diamagnetic. 
The  magnetic  state  and  coordination  are  changed  with  HjO,  NM3,  Py  and  other  amines  as  ligands.  Planar  coordi¬ 
nation  is  much  more  common  among  internal -complex  compounds,  which  formally  belong  to  the  same  NiA2X2 
type.  This  structure  is  almost  always  found  in  NiN4,  NiS^,  NiN2S2  "branch  points,"  and  in  many  cases  also  in  NiN|02 
and  NiS202  [109].  The  latter,  like  Ni(PE^]^X2,  lie  on  the  boundary  between  diamagnetic  and  paramagnetic 
complexes;  here  the  type  of  structure  depends  on  factors  of  relatively  subordinate  importance,  namely,  on  the 
nature  of  the  groups  in  which  the  N,  S,  or  P  atoms  are  involved.  For  example,  when  R  alkyl  radicals  in  Ni(PR3)^Cl2 
are  replaced  by  phenyl, Ni  passes  into  the  spin-free  state  and  the  planar  coordination  is  replaced  by  another. 

This  is  evidently  because  electron  redistribution  of  the  type 


is  possible  in  the  PfCeM;);)  molecule,  and  as  a  result  the  phosphorus  atom  loses  to  a  considerable  extent  its  donor 
properties  with  respect  to  nickel. 


Structural  investigations  have  shown  that  in  compounds  of  the  NLA4X2  type  theNi  atoms  are  invariably  in 
octahedral  coordination.  This  is  an  important  result,  because  it  refutes  the  idea,  very  common  in  the  literature, 
of  the  existence  of  stable  [Ni(Nfl3)4f^,  [NiPy4J*^,  etc.,  tetrahedral  complexes  (for  example,  see  [2,  110]).  The 
concept  of  this  type  of  nickel  coordination,  first  put  forward  by  Pauling  in  1931  [111],  was  generally  accepted  up 
to  1955-1956,  although  no  direct  evidence  for  the  existence  of  tetrahedral  complexes  has  really  been  obtained. 

The  first  structural  investigation  of  compounds  of  the  NiA4X2  type  was  carried  out  in  1953  with  the  compound 
NiPy4X2  [98].  This  and  all  subsequent  investigations  in  the  same  laboratories  (see  Table  5)  showed  that  in  all 
cases  the  X  acid  groups  are  in  the  inner  sphere,  and  Ni  atoms  are  in  sixfold  coordination.  It  is  significant  that 
this  occurs  even  under  the  most  unfavorable  conditions  —  despite  the  considerable  steric  hindrances  arising  in  the 
presence  of  such  large  ligands  as  Py  and  Br  atoms  [100]. 

These  and  other  x-ray  structural  investigations  performed  in  recent  years  show  quite  conclusively  that  in 
spin-free  complexes  the  nickel  atom  has  a  constant  tendency  to  form  six  octahedral  bonds.  This  tendency  is  mani¬ 
fested  in  the  existence  of  numerous  compounds  of  the  hexacido  and  hexammino  types  in  preference  to  octahedral 
coordination  in  cases  where  a  simple  possibility  for  formation  of  four  bonds  also  exists. (such  as  in  the  case  of 
NiA4X2).  Another  manifestation  of  this  tendency  is  that  when  the  compounds  crystallize  the  number  of  neutral 
molecules  taken  into  the  structure  is  such  as  is  necessary  for  the  formation  of  six  bonds  (examples  are  nickel  thi- 
cyanato  amines  Ni(NCS)i  •  4NH3,  NH4Ni(NCS)i  •  3NH3,  (NH4)2Ni(NCS)4*  2NH3  •  H2O,  HgNi(NCS)4- 2H2O.). 

It  may  be  added  that  octahedral  coordination  is  also  characteristic  for  nickel  in  nearly  all  simple  compounds 
with  nonmetals,  such  as  NiF2,  NiCl2,  NiBr2,  NiO,  NiS,  NiSe,  etc. 

One  of  the  clearest  manifestations  of  this  same  tendency  is  that  the  structural  difference  between  the  double 
thiocyanates  of  Hg  and  Co  and  of  Hg  and  Ni.  The  former  of  these  (Hg(SCN)4Co)  contains  tetrahedral  HgS4  and 
C0N4  "branch  points,"  joined  in  the  framework  by  means  of  SCN  groups.  A  structural  investigation  [91]  showed 
that  the  general  (framework)  motif  of  the  structure  remains  almost  unchanged  when  Co  is  replaced  by  Ni,  but  the 
coordination  in  the  "branch  points"  corresponding  to  these  metals  changes:  the  Ni  atom  captures  two  water 
molecules  from  solution  so  that  it  does  not  have  to  be  in  tetrahedral  environment. 


The  results  obtained  from  structure  investigations  are  sufficient  to  refute  the  concept  that  tetrahedral 
complexes  of  bivalent  nickel  are  common.  Such  complexes  can  arise  only  under  specific  conditions. 
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Such  conditions  exist,  for  example,  in  NlfKCef  15)1)201*  [112]  and  in  [A 5(05115)^011,] [N 1014]  where  the 

large  P(05ll5)}  ligands  and  [As(C5ll5)}011,]  cations  give  rise  to  steric  hindrances  to  formation  of  polymeric  chains 
or  frameworks  found  in  other  halogen -containing  nickel  compounds  (for  example:  CsNiCl|,  NiA*X*,  where  A  =  11*0, 
Py)  and  enforce  tetrahedral  coordination.  These  conditions  also  occur  in  the  spinel  NlCr204  [114, 115],  where  the 
dbtribution  of  and  Or*  cations  in  the  tetrahedral  and  octahedral  holes  is  determined  by  the  relative  magnitude 
of  the  excess  stabilizing  action  of  the  octahedral  field  exerted  on  the  different  cations  [116,  117].  It  is  also 
possible  that  special  conditions  exist  in  internal-complex  compounds,  since  formation  of  metal  rings  (with  electrons 
held  in  common)  lays  a  definite  imprint  on  the  metal— ligand  chemical  bonds.  It  must  be  pointed  out.  however, 
that  despite  a  number  of  attempts  there  has  not  been  a  single  direct  structural  investigation  confirming  the 
existence  of  tetrahedral  coordination.  Indirect  evidence  is,  as  a  rule,  very  debatable  (for  fuller  details,  see  [118]). 

3.  Compounds  of  Co(I])  differ  significantly  in  the  stereochemical  respect  ftom  Ni(n)  compounds.  In  the 
series  of  acido  complexes  the  transition  from  low -spin  to  high -spin  compounds  occurs  later  (beyond  the  NO*  group); 
in  low-spin  compounds  octahedral  rather  than  planar  coordination  of  Co  is  characteristic,  while  in  high-spin 
compounds  (in  the  cases  of  NCS,  Br,  and  Cl)  tetrahedral  and  not  octahedral  coordination  is  characteristic.  Only  with 
the  most  electronegative  ligands,  F  and  O,  does  the  coordination  become  the  same  (octahedral)  for  Co  and  Ni. 

There  are  virtually  no  suucture  data  on  low -spin  Co  compounds  of  the  composition  CoA*X*  (and,  in  particular,  on 
internal-complex  compounds).  It  seems  probable  from  indirect  physicochemical  data  that  among  the  low -spin 
Internal-complex  compounds  planar  coordination  should  be  the  commonest.  As  yet  the  only  compound  of  this 

type  to  studied  structurally  is  Co  phthalocyanine  [119]. 

Structure  dau  on  high-spin  Co(n)  compounds  show  that  the  transition  from  tetrahedral  to  octahedral 
complexes  is  favored  not  only  by  increase  of  the  Co-X  bond  polarity  but  also  by  replacement  of  acid  ligands  by 
such  neutral  ligands  as  H,0,  NH,,  Py,  thio,  etc.  Thus,  compounds  of  the  composition  CoA*X*  (X  =  NCS,  Br,  Cl) 
exist  in  two  modifications,  one  of  which  retains  the  tetrahedral  coordination,  while  the  other  has  octahedral 
coordination  (polymeric  chain  structure  [34]);  compounds  of  the  type  C0A4X*  and  C0A5X*  are  always  composed 
of  octahedral  complexes.  Accordingly,  neutral  Py,  NH*,  H*0  groups  act  as  somewhat  more  electronegative  ligands 
than,  say.  Cl"  or  NCS". 

Thus,  in  distinction  from  Ni(II),  in  the  case  of  Co(n)  the  ligand  series  in  order  of  increasing  bond  polarity 
includes  an  intermediate  region  of  compounds,  not  sufficiently  covalent  to  form  spin-bonded  complexes,  but  at 
the  same  time  differing  in  spatial  structure  from  the  most  "ionic”  compounds  such  as  K*CoF4,  double  oxides  and 
sulfides. 

Cobalt  occupies  a  special  position  among  the  bivalent  transition  metals  of  groups  Vm  and  Ib  by  its  tendency 
O  form  tetrahedral  complexes  in  this  intermediate  region. 

4.  Structure  data  on  complex  compounds  of  bivalent  iron  are  very  meager.  This  gap  is  partly  filled  by 
more  extensive  data  on  the  electronic  analog  of  Fe(n),  trivalent  cobalt.  The  available  data  appear  to  show  that 
only  octahedral  coordination*  is  characteristic  of  these  metals,  and  the  transition  from  a  low-spin  to  a  high-spin 
state  in  the  series  of  acido  complexes  occurs  beyond  the  nitro  compounds.  Evidently  Fe(II)  has  an  analogy  to 
Co(n)  in  low^spin  and  to  Ni(n)  in  high -spin  compounds. 

5.  Bivalent  copper  is  perhaps  the  most  interesting  of  the  metals  considered,  in  the  stereochemical  sense. 
Czechoslovak  scientists  have  made  a  substantial  conuibution  to  the  crystal  chemistry  of  this  element. 

A  great  variety  of  structures  is  characteristic  of  complex  Cu(n)  compounds.  At  the  present  time  eight  types 
of  Cu(n)  coordination  are  known;  their  intenelation  may  be  schematically  represented  as  follows: 


"Transition -metal  compounds  of  the  spinel  type  require  separate  consideration  [116, 117]. 
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Regular  coordination 

j  Deformed  coordination  poly-  1 

Limiting  case  of 

polyhedron 

hedron  I 

deformation 

octahedron 


elongated  - 

square 

blpyramld 

asymmetrically 
elongated  square 
bipyramid 

flattened 

square - 

bipyramid 


square 


square 

pyramid 


linear 

coordination 


flattened 

tetrahedron 

The  first  seven  types  of  coordination  are  interrelated.  They  can  be  derived  from  octahedral  coordination  by 
deformation  or  removal  (limiting  deformation)  of  individual  bonds. 

For  a  long  time  it  was  believed  that  square  coordination  is  the  most  typical  for  Cufd).  However, 
accumulation  of  experimental  data  and  revision  of  older  work  revealed  that  in  the  vast  majority  of  cases  the 
coordination  polyhedron  of  the  Cu(n)  atom  is  an  elongated  square  bipyramid,  and  doubts  even  arose  whether 
there  are  any  Cufll)  compounds  with  purely  square  coordination.  In  reality,  such  coordination  does  occur,  but 
very  rarely.  Examples  are  azurite  Cu3(0H)i(C03)2  [120],  isomorphous  silicates  M^CuSi^OiofM^  =  Ca,  Sr,  Ba) 
[121],  NHJCufNHjji^XCIO^)^  •NH3  [102],  and  certain  internal-complex  compounds  [95]. 

The  predominance  of  bipyramidal  configuration  with  two  distant  bonds  in  Cu(n)  compounds  is  in  good 
agreement  with  the  ligand  field  theory.  There  is  also  agreement  in  the  selection  of  the  ligands  situated  on 
the  "short"  and  "long"  coordinates  of  the  polyhedron.  Structure  data  even  serve  to  augment  the  series  of  ligands 
in  order  of  increasing  field  strength. 

Spectral  data  give  the  series: 

I  <  Br  <C1  <  F  <  11,0  < CjO,  <  Py  <  N II,  <  Kn  <  NO,  <CN. 

The  following  additional  results  follow  from  structure  data: 


SO,] 

><H,0< 

uoJ 


MCOO 
CHjCOO  . 
•^eO,  » 

OH 


NO,  <011  ; 
COiC  OH  : 

Ur  <CH,NH, 


The  only  exception  to  the  general  rule  is  Cu(NH3)4|(N02)^,  where  the  NO2  groups  and  not  two  NH3  groups  are  on 
the  long  coordinate,  despite  the  relative  ligand  field  strengths.  A  possible  cause  of  this  b  the  occurrence  of  steric 
hindrances  with  decrease  of  Cu—NOj  distance.  Another  explanation  was  put  forward  by  Y4.  K.  Syrkin;  this  was 
based  on  formation  of  ir -bonds  without  o -bonds  between  the  NOj  groups  and  the  copper  atom,  i.e.,  with  seven- 
elecDons  (one  from  each  atom)  on  the  molecular  v -orbitals  covering  all  seven  atoms. 

Application  of  the  crystal  field  theory  also  revealed  the  existence  of  a  peculiar  affine  isomerism,  mentioned 
in  the  first  part  of  this  article. 

Elongation  bipyramidal  coordination  is  the  most  advantageous  for  Cu(II).  However,  differences  in  the 
stability  (from  the  energy  aspect)  of  otfier  and  related  types  of  coordination  arc  probably  so  slight  that  they  can 
be  effected  under  the  influence  of  various  subsidiary  factors,  such  as  convenient  location  for  formation  of  inter- 
molecular  hydrogen  bonds,  energy  gain  due  to  metal— metal  bonding,  steric  hindrances,  "rigidity"  of  polydentate 
ligands,  etc.  In  particular,  the  first  of  these  factors  probably  accounts  for  the  purely  planar  coordination  of 
copper  in  NH4[Cu(NH3)J(C104)^  *NH3.  The  second  plays  an  important  part  in  the  structural  motif  of  the  salt 
Ci<NHj)4*PtC  14(54]. 
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The  pyramidal  (and  not  blpyramldal)  coordination  In  copper  dlmcthylglyoxlmatc  [63]  Is  determined  by  stcrlc 
hindrances;  planar  coordination  In  many  other  internal-complex  compounds  Is  determined  by  the  same  factor  and 
*lso  by  the  rigidity  of  the  polydentate  ligands.  Rigidity  of  the  silicate  framework  determines  the  square  coordination 
ofCu(II)  lnM*k:uSl40io. 

The  presence  of  a  ninth  d-elecuon  in  the  Cufll)  atom  makes  It  possible  to  compare  blpyramldal  Cu 
complexes  both  with  spin-paired  Pd(II)  and  Ptfll)  complexes,  and  with  spin-free  octahedral  NKD)  complexes. 

Similarity  to  planar  complexes  is  emphasized  by  the  fact  that  the  Cu- ligand  distances  (to  the  four  ligands 
in  the  square)  are  close  to  the  M— ligand  distances  (where  M  =  Pt,  Pd,  Ni)  In  square  complexes  and  are  less  than 
the  Ni~ ligand  distances  In  octahedral  complexes;  similarity  to  octahedral  complexes  Is  demonstrated  by  the 
suuctural  similarities  between  many  Cu(II)  compounds  and  paramagnetic  Ni(II)  compounds  (for  example:  CuF|  and 
NIF,;  CuCl,,  CuBr,  and  NlClj,  NlBr,;  CsCuCl,  and  CsNiClj,  K,Pb  [Cu(NOj)b)  “"d  K,Pb(Ni(NO,\);  CufNUjVNO,)^ 
and  Ni(NH))4(N02)i  etc.).  In  all  these  cases  the  structural  motif  of  the  Cu  compound  can  be  represented  as  a 
distortion  of  the  structure  of  the  analogous  Ni  compound. 

On  the  other  hand,  the  copper  halide  series  exhibits  a  transition  from  structures  typical  of  Ni(II)  to  structures 
typical  of  Co(II):  CuClj  and  CsCuCls  as  isostructural  (with  distortion)  with  analogous  compounds  of  Ni(n),  while 
CS|CuCl4  is  Uomorphous  with  CsjCoCl^  (also  with  distortion).  A  distorted  tetrahedral  coordination  Is  also  to  be 
expected  in  copper  thiocyanate  compounds  (for  example,  in  Hg(SCN)4|Cu,  the  composition  of  which  is  analogous 
to  that  of  the  corresponding  Mg  and  Co  double  salt,  but  not  of  the  Hg  and  Ni  double  salt).  A  similar  coordination 
for  one  half  of  all  the  atoms  was  recently  found  in  the  compound  of  Cu(n)  with  imidazole. 

Thus,  in  the  stereochemical  sense  bivalent  copper  is  intermediate  between  Ni  and  Co  as  well  as  between 
Pt  and  Ni. 

6.  Many  of  the  compounds  of  bivalent  metals  under  consideration  are  isomorphous.  Isomorphism  appears 
in  two  groups  of  compounds:  1)  among  the  most  covalent  low-spin  compounds  of  the  Ni,  Pd,  Pt  vertical  series, 
where  it  is  determined  by  formation  of  hybrid  covalent  bonds  on  the  basis  of  analogous  electronic  systems*;  2) 
among  the  most  ionic  high-spin  compounds  in  the  horizontal  series,  Fe,Co,  Ni,  (and  Cu  with  distortion  of  the 
coordination  polyhedron),  where  the  crystal  structure  is  determined  by  the  stabilizing  influence  of  the  electro¬ 
static  ligand  field,  which  is  more  advantageous  in  all  cases  (regardless  of  the  number  of  electrons  in  the  central 
atom)  with  octahedral  than  with  tetrahedral  coordination.  In  the  intermediate  region,  in  the  transition  from  the 
most  electronegative  ligands  F  and  O  to  Cl,  Br,  and  NCS,  the  structure  of  the  complex  is  determined  by  super¬ 
position  of  the  two  effects.  Calculations  for  oxides  and  hydroxides  show  that  the  predominance  of  the  stabilizing 
force  of  the  octahedral  over  the  tetrahedral  field  diminishes  in  the  sequence  Ni,  Cu,  Fe,  Co  (116,in](acc.to[117], 
this  predominance  corresponds  to  22.8,  15.6,  2.9  and  2.1  kcal/mole  respectively).  It  is  therefore  to  be  expected 
that  Ni  has  the  least  tendency  and  Co  the  greatest  to  charge  octahedral  coordination  to  another  form.  On  the 
other  hand,  the  ability  to  form  tetrahedral  covalent  bonds  is  itself  apparently  connected  with  symmetrical 
completion  of  the  energy  levels  of  die  3d -shell  (the  dy  doublet  and  the  d^  triplet)  by  electrons  not  involved  in 
bonds.  Therefore,  such  bonds  are  formed  in  Co(II)  compounds  configuration  d^  =  d^d^  )  and  much  more  rarely  in 
Fe(n)  compounds  (configuration  cf  =  c^d|  with  unsymmetric  completion  of  the  dy  doublet). 

It  may  be  pointed  out  in  conclusion  that  the  results  of  structural  investigations,  especially  of  recent  years, 
provide  rich  and  ever-growing  material  for  theoretical  generalizations.  On  the  one  hand,  structures  containing 
unusual  configurations,  or  configurations  unexpected  for  the  particular  elements,  are  being  discovered  with 
increasing  frequency.  On  the  other  hand,  definite  structural  relationships  in  series  of  compounds  with  replacement 
of  ligands  or  central  atoms  are  being  revealed.  Both  these  facts  give  food  for  thought  about  the  further  development 
of  the  theory  of  the  structure  of  complex  compounds.  One  of  the  general  and  most  important  results  of  x-rays 
structural  investigations  in  the  field  of  complex  compounds  is  that  theoretical  workers  are  being  confronted  with 
new  and  broad  problems. 

The  author  is  sincerely  grateful  to  Prof.  M.  E.  Dyatkina  for  valuable  advice,  and  to  T.  S.  Khodasheva  and 
T.  N.  Polynova  for  assistance  in  the  work. 


*  Among  the  internal -complex  compounds,  Cu  compounds  are  also  often  isostructural  with  diamagnetic  Ni 
compounds  (for  example,  see  [95]). 
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Upon  completion  of  analytical  experiments,  every  research  chemist, 
whether  he  uses  a  “test  tube”  or  a  ”npoSnpK:i.”  must  calculate  his 
findings  in  the  international  language  of  figures  in  two  forms  (weights 
and  equivalents),  and  often  three  (weights,  equivalents  and  percent- 
equivalents).  and  then  compare  experimental  data  with  theoretical 
values.  ‘  '  * 

Technicians  and  statisticians  working  with  the  results  of  hydro¬ 
chemical  analyses  performed  at  different  times  by  different  laboratories 
inevitably  face  the  problem  of  converting  their  figures  to  one  system. 

All  such  calculations  are  considerably  simplified  by  the  use  of  the 
tables  and  nomograms  in  this  book,  originally  published  by  the  State 
Scientific  and  Technical  Press  for  Literature  on  Geology  and  the 
Conservation  of  Mineral  Resources.  Moscow.  ^  ' 

'  All  the  tables  and  nomograms  are  based  on  analytical  results 
expressed  in  the  form  widely  used  in  hydrogeological  practice— milli¬ 
grams  per  liter  (weight  form)  and  milligram-equivalents  per  liter 
(equivalent  form).  For  calculation  of  percent-equivalents,  the  sum  of 
cation  equivalents  and  the  sum  of  anion  equivalents  arc  taken  as  100% 
each.  Several  new  tables  are  presented  for  the  first  time,  and  the  many 
tables  for  converting  water-analysis  results  from  one  form  to  another 
make  it  possible  tb  find  the  milligram-equivalents  for  any  practically 
possible  content  of  a  component  in  water,  accurate  to  the  second 
decimal  place,  and  the  weight  content  of  substances  to  tenths  of  a 
milligram.  ‘  •  ,  :  '  '  \  .  s 
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